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Abstract
The response of a range of T650-35/Avimid®R laminates to various environmental 
conditioning regimes incorporating thermal spikes has been investigated. Materials 
based on non-woven and woven reinforcements of different thicknesses were studied; 
the (minor) differences between the materials seemed to be a consequence of slight 
differences in resin chemistry as a result of different processing routes, rather than any 
effect of the reinforcement type.
The base-line (standard) conditioning regime used was an isothermal hot-wet 
condition. One variant on this incorporated a low temperature spike at 220°C, while 
another incorporated a high temperature spike at 275°C. The final regime, which was 
intended to be representative of service condition comprised isothermal ageing (hot- 
wet), a low temperature spike and a period of prolonged drying.
The sets of samples exposed to low temperature or high temperature spiking 
conditions showed enhanced moisture absorption compared to the standard regime. 
Blistering was seen in some samples after exposure to a significant number of spikes. 
The effect of varying the spike frequency was investigated and the blistering 
behaviour was not apparently influenced significantly by the spike frequency. On the 
other hand, by subjecting wet samples to a single spike at different temperatures, a 
link between moisture content and spike temperature required to cause blistering was 
established.
The enhanced moisture absorption observed in spiked samples was permanent in that 
when (undamaged) samples were dried and then reconditioned using the standard 
regime, the enhanced moisture absorption was still apparent. Enhanced moisture 
absorption was also shown by the samples subjected to the service cycle, 
subsequently dried and reconditioned.
The moisture distribution across the thickness of samples has been modelled using a 
commercially available finite difference model. This model enables the moisture 
uptake during the first few spikes to be simulated reasonably well, but the enhanced 
moisture saturation level can only be incorporated in an empirical manner.
Potential chemical changes in the polymer matrix during conditioning have been 
investigated using mechanical testing, dynamic mechanical thermal analysis and 
diamond ATR infra-red spectroscopy of unidirectional material. Not surprisingly 
there were some changes in the matrix-dominated mechanical properties of wet 
samples. Interestingly there were changes in the glass transition of samples which 
had been exposed and then dried out. However, there was no significant chemical 
change or degradation apparent, even in blistered material.
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Notation
Letters
A Absorbance
ATR Attenuated total reflectance
b Thickness of 0° plies
B Thickness
c Concentration
G Concentration
CFRP Carbon fibre reinforced polymer
d Thickness of 90° plies
D Temperature dependant diffusion coefficient
Do Temperature independent diffusion constant
DMTA Dynamic mechanical thermal analysis
DSC Differential scanning calorimetry
E Modulus
f, g, h Three dimensional sample dimensions (in particular h = thickness)
FDM Finite difference model
G Strain energy release rate
ELSS Interlaminar shear strength
IR Infi*a-red
J Molar Flux
K Fracture Toughness
NMR Nuclear magnetic resonance
m Mass
M Moisture content
p, q, r general counters
P Load
Qd Activation energy
R Radius of curvature
R Universal gas constant
VI
RH Relative humidity
t Time
T Absolute temperature
T Transmittance
TMA Thermomechanical analysis
u Displacement
U Corrected energy term
UTS Ultimate tensile Strength
V Volume
Vo Initial volume
w Width
wt Weight
W Weight
W Width
X Crack length
X Half cord length
x ,y ,z Space coordinates
Y Length
Greek
a Thermal expansion coefficient
tan Ô Damping angle
e Thermal strain
0 Stress
V Poissons’ ratio
Energy calculation factor
Subscripts and Superscripts
1
2
00
Real value 
Imaginary value 
Equilibrium value
Vll
a Average value
d Diluent
d Dry
e Equilibrium value
f Final value
g Glass
i Initial value
IC Critical mode I
1 Longitudinal
m matrix
max Maximum value
r Rubber
s Spike
s Symmetric
t Transverse
th Thermal
Q Peak Value
Moisture Conditions
Series 1 50°C and 96 %RH
Series 2 50°C and 96 %RH, plus intermittent spikes at 220°C for 5 min
Series 3 50°C and 96 %RH, plus intermittent spikes at 275°C for 5 min
Series 4 50°C and 96 %RH, plus intermittent spikes at 220°C for 5 min
followed by 1 h at 140°C.
vm
1 Introduction
The use of fibre reinforced polymer composite materials is well established. This is 
especially true in the aviation and aerospace industries where high specific 
mechanical properties are most prized. However, as with most materials, there is a 
concern regarding the performance in service under severe environmental conditions. 
In the case of composite materials, moisture can be particularly detrimental and this 
has been researched extensively, in particular for composites based on epoxy resins.
Polymer matrix composites increase in mass as they absorb moisture. The rate of 
absorption of moisture depends on many factors, including the environmental 
conditions (the relative humidity and temperature), the matrix chemistry, fibre volume 
fraction and orientation and the dimensions of the component. Moisture is absorbed 
from the atmosphere by the polymer and absorption continues until an equilibrium 
content or saturation level is reached which is determined largely by the relative 
humidity. The absorbed moisture leads to “plasticisation” of the polymer matrix and, 
overall, the mechanical properties of the composite can be reduced. The plasticised 
state of the matrix refers to a physical change to the matrix, which affects the glass 
transition temperature and strength characteristics without there being visible signs of 
actual damage. It has been suggested that the plasticization process involves 
interruption of the van der Waals’ bonds important in the resin structure (Jones 1994).
Over the years much work has been devoted to the development of new polymer 
systems which may lead to improved polymer composites. Of the range of new 
polymer matrices, polyimides appear to offer great promise for high performance 
applications. Polyimides have established this reputation on the basis of their 
outstanding thermal stability, excellent mechanical properties and processability.
Since polyimides can be prepared fi*om a variety of starting materials and by a range 
of synthetic routes, they offer a versatility unparalleled by most other classes of 
polymers. Variations in properties such as glass transition temperature, toughness, 
adhesion, and permeability can be achieved by appropriate choice of starting 
materials, so that the polymer can be engineered to suit specific applications. The 
aerospace sector has been particularly interested in polyimides for use as the polymer
matrix for advanced composites required to withstand high temperatures in service 
(e.g. Campbell and Burleigh 1982, Garber et al. 1982, Kunz 1982, McKague 1982, 
Serafini and Hanson 1982, Jones 1994).
In common with other polymers, polyimide systems will absorb moisture in service. 
However, an additional consideration, particularly relevant for high temperature 
systems, is thermal spiking. Thermal spiking involves exposing the material to short 
bursts of high temperature, typically for a few minutes, at regular intervals during a 
period of long term ageing in warm moist conditions. Military aircraft expected to 
perform at supersonic speeds will undergo such thermal spikes during a typical flight 
program (e.g. McKague et al. 1975) while ground storage of the aircraft, in either a 
temperate or tropical environment, exposes any composite components to a warm 
moist environment. In recent years, an important link has been established between 
thermal spiking and subsequent enhanced moisture absorption. Under conditions of 
rapid heating and cooling (thermal spiking), the moisture absorption of fibre 
reinforced polymer composites can be increased significantly relative to similar 
samples held under constant hygrothermal conditions. This enhanced moisture 
absorption behaviour is potentially extremely detrimental to the mechanical behaviour 
of the composite material and the mechanism by which this enhanced moisture 
absorption occurs, together with its consequences, are not well understood at present. 
An increasing number of papers have documented this enhanced moisture absorption 
phenomenon during thermal spiking (e.g. McKague et al. 1975, Collings and Stone 
1985, Xiang and Jones 1993, Hough et al. 1998, Karad et al. -  2002 a, b). It has been 
found that the details of the spike (e.g. the peak temperature and the spike frequency) 
and the effects that it has on the material (e.g. whether it causes damage in the form of 
interlaminar matrix micro-cracking or “blistering”) both influence the subsequent 
moisture absorption behaviour. Although a better understanding of thermal spiking is 
emerging slowly, much remains to be understood about the causes, development and 
consequences of thermal spiking damage, particularly in high temperature polymer 
matrix composites. It is the aim of this project to characterise and understand aspects 
of thermal spiking of a particular high-temperature carbon fibre reinforced composite, 
namely T650-35/Avimid® R.
The structure of this Thesis is as follows. The next chapter contains an extensive 
review of work related to thermal spiking, and the following chapter contains a 
description of the materials and methods used for this work. In subsequent chapters, 
data from the experiments conducted are presented and discussed, beginning with 
observations on moisture uptake and its effects, and moving on to investigations of 
mechanical property changes and chemical changes in the matrix due to thermal 
spiking. Finally, the conclusions to be drawn from the work are presented.
2 Literature Review
2.1 Introduction
This chapter considers the literature concerned with thermal spiking of continuous 
fibre polymer composites and associated phenomena. Initially the chapter describes 
diffusion of moisture in a composite material since effects of thermal spiking are 
associated with prior moisture absorption.
A large body of literature exists concerning moisture absorption by fibre reinforced 
polymer composites. Included in the discussion of moisture absorption are the effects 
that sample size, temperature, relative humidity, polymer chemistry, and applied stress 
have on moisture absorption. A further issue, which is considered, is the effect that 
absorbed moisture has on the physical and chemical structure of the matrix polymer, 
including related properties such as the glass transition temperature. The present 
review does not address topics such as non-Fickian diffusion, dual sorption, and other 
sorption related phenomena as these are beyond the scope of the current project.
This review then goes on to consider previous work on the thermal spiking 
phenomenon. There is a description of the factors necessary for thermal spiking to 
affect the moisture absorption behaviour of a polymer matrix, and theories concerning 
some of the mechanisms by which these phenomena occur. Various aspects of 
thermal spiking related effects are highlighted and discussed. These include the effect 
of spike temperature, time of exposure, and irreversibility of the enhancement to the 
moisture saturation level of a spiked material. Finally, the effects of thermal spiking 
upon chemical structure and mechanical properties are explored.
2.2 Moisture absorption in composite materials under 
isothermal conditions
2.2.1 Fickian Diffusion
Diffusion is the motion of matter (atoms, molecules, ions, particles), or mass
transport, controlled by the random movement of matter driven by a concentration
gradient and activated by temperature. Early work on diffusion was conducted by
Pick (1855) to model the process and thereby to describe the transport behaviour of a
system. It was proposed that the rate of diffusion per unit area of section of a species, 
-2  -1 •or molar flux, J (kg m s ), is proportional to the concentration gradient measured
parallel to the direction of diffusion. Commonly known as Pick’s first law the 
mathematical formulation is:
dCJ = - D —  (2.1)
dx
where the constant of proportionality, D (m  ^s"^ ), is the diffusion coefficient, C is the 
concentration of the diffusing substance, and x is the space co-ordinate in the direction 
of the flux. The negative sign indicates that the direction of diffusion is down the 
concentration gradient, i.e. from a high to a low concentration.
Pick’s first law describes the behaviour of a system at steady state with the underlying 
assumption that the concentration gradient remains constant with time. Diffusion of 
moisture into a composite material requires a non-steady state solution, since the 
concentration gradient throughout the material will vary with time. To develop a non 
steady-state solution, an element of volume in the form of a rectangular parallelepiped 
with sides parallel to the axes of coordinates and of lengths 2dx, 2dy, and 2dz must be 
considered. The centre of the element is a point P(x,y,z), where the concentration of 
the diffusing substance is C. If the faces perpendicular to the x-axis (see Figure 2.1) 
are ABCD and A’B’C’D’, then the rate at which the diffusing substance enters the 
element through the face ABCD is given by.
4dy dz (2.2)
where is the rate of transfer through the unit area of the corresponding plane 
through P. It is necessary also to consider the rate of loss of the diffusing substance 
through the face A’B’C’D’, which is given by.
4dy dz (2.3)
The rate of increase of diffusing substance in the element from these two faces is 
therefore equal to.
8 dx dy dz
dx.
(2.4)
Similarly for the other faces it is.
8 dx dy dz —-  and -  8 dx dy dz (2.5) and (2.6)
gy dz
The rate at which the amount of diffusing species increases in the element can also be 
expressed as:
8 dx dy dz (2.7)
Hence it can be said that.
9t Sx ôy 5z
(2.8)
If the diffusion coefficients are constant, Jx, Jy, Jz are given by an appropriate form of 
Equation (2.1), and Equation (2.8) becomes.
6c—  = D
a
H +  ■ (2.9)
If the diffusion is one-dimensional then the non-steady state governing equation is
where D the diffusion coefficient is constant and independent of concentration. 
Equation (2.10) is more commonly known as Pick’s second law (Crank 1975).
2.2.2 One-dimensional diffusion
We now apply Pick’s second law to a sample at constant temperature (T) bounded by 
two planes perpendicular to the z-axis and of infinite dimensions in the x and y 
directions. Hence transport in one dimension is considered. The two planes are 
separated by a distance h. Since the x and y dimensions are infinite, penetrant 
concentrations may be assumed to vary in the z direction only. The moisture 
concentration is identical at each z-plane. Hence if the diffusion coefficient in the z 
direction is assumed constant. Equation (2.10) becomes:
The boundary conditions of the sorption process may be written as: 
c (z,t) = Ci 0 < z < h  at t = 0
c(z,t) = Cf atz  = 0 and z = h for t>  0 (2.12)
where:
c (z,t) is the concentration on the plane defined by the co-ordinate z in the 
thickness at time t,
Ci is the initial concentration,
Cf is the final concentration.
The boundary conditions above can be applied to both absorption and desorption 
process. At time t = 0, the entire sample is at an initial concentration. This may be 
zero for a dry sample, or the equilibrium level if the sample is saturated. In the case of 
a dry sample at time t > 0, the surfaces z = 0 and z = h will be at the equilibrium 
moisture content. Meanwhile the remainder of the sample will, as time progresses, 
absorb moisture. For a saturated sample that is being dried, at time t > 0, the surfaces 
z = 0 and z = h will be dry. Meanwhile the remainder of the sample will, as time 
progresses, lose moisture.
lost (1960) documented the solution to the problem for the two relevant situations 
given above. The first is diffusion out of a sample initially conditioned such that the 
initial penetrant concentration (ci) is constant across the thickness and equal to the 
equilibrium concentration of the material for the environment it is exposed to (Ce), and 
the final concentration of the penetrant (cf) is zero:
The second is diffusion into a sample from initial penetrant concentration zero (c, = 0) 
to the equilibrium penetrant level Cf = Cg
-(2j+l)Vp,t
Equations (2.13) and (2.14) complement each other since one is for desorption and the 
other absorption. Both solutions give the local concentrations of the penetrant as a
function of time. For each, the average concentration (ca) within the system at any 
time can be calculated by integrating Equations (2.13) and (2.14) with respect to z 
between the two faces:
1 ^C. = -J c (z ,t)d z (2.15)
For desorption, the solution of Equation (2.15) by integrating Equation (2.13) 
becomes:
j=o (2j+ ly
(2.16)
For absorption, the corresponding solution of Equation (2.15) by integrating Equation 
(2.14) is:
Ca  I e
è ( 2 j  + l) '
(2.17)
By re-arranging Equation (2.17) the relative change of the average concentration (c- 
Ci)/(cf-Ci) can be determined, i.e. Equation (2.18), which is valid for diffusion into or 
out of the system. Here c, and Cf are the initial and the final concentrations within the 
slab, and c now denotes the average concentration at time t.
C -  C;
Cf Cj
-(2j+l)VD,t'
h:
j=o (2j+iy (2.18)
It is difficult, however, to measure the penetrant content by concentration and as such 
the more common approach is to measure the variation in mass of penetrant present in 
a system, since the mass is directly related to the concentration level c. The solution
to Equation (2.18) for the mass variation therefore maybe expressed as (Crank 1975, 
Browning et a l 1977, Shirrell and Halpin 1977, Gibson 1994):
=  (2.19)
mf -  mj 7T^ (2j + 1)
2.2.3 Three-dimensional diffusion
In practice the x and y dimensions may not be infinite. In such cases, using the one­
dimensional solution to examine the problem would lead to inaccuracies. Therefore 
for most cases it is necessary to use the full three-dimensional solution of Pick’s 
second law (Blikstad et a l 1984, Blikstad 1986), which is discussed below.
Consider the sample in Figure 2.2 where:
0 ^  ^
0 <y <g (2.20)
0 ^  ^
Let Cj(aj,t), aj={x,y ,z ,} j=1..3 be the solutions to the one dimensional diffusion 
problems:
Equation (2.21) maybe solved within the region defined by Equation (2.20) to give 
(Carslaw and Jaeger 1959):
c = c,(a,t)-C2(a2t).Cj(a3t) (2.22)
Hence the solution (Jost 1960) for one-dimensional concentration as a function of 
time and position may be applied to the three dimensional equation. The three 
dimensional solution, in terms of moisture content, maybe expressed as:
10
m — ni; 512 
= 1—
'-(2p+l)VDj" -(2q+l)VDyt" '-(2r+lf
eL g' J e
nif nij 7T p=o q=o r=o (2p + 1) (2q + 1) (2r + 1)
(2.23)
It has however been observed (Blikstad et a l 1984) that uptake through the edge 
surfaces of the sample diminishes as the sample dimensions approach the semi­
infinite specimen considered by the one-dimensional solution. Blikstad et a l (1984) 
actually demonstrated this for a two dimensional case. In their work they showed that 
if the width to thickness ratio is sufficiently high, i.e. width/thickness > 20, then the 
one dimensional solution was applicable. Bond (1996) further demonstrated that the 
one-dimensional solution is valid for a three-dimensional case. If the dimensions of 
each side perpendicular to the thickness, i.e. the length and the width, are such that 
their ratio to the thickness is >50:1; i.e. the minimum ratio of length: width: thickness 
must be 50:50:1, then using the one-dimensional solution gives an error of less than 
4%.
2.2.4 Experimental measurements of diffusion coefficients and 
saturation moisture levels
In this section some basic experimental results relating to diffusion in polymer 
composites are reported. In the first instance, when analysing data obtained firom a 
moisture absorption or desorption experiment a simplified equation can be employed 
to obtain an estimate of the diffusion coefficient, D, by examining the initial linear 
slope of the data (Shen and Springer 1976, Jones 1994)
D = 7T h
\2
4mf
m. m,
(2.24)
This simplified formula is widely used for obtaining the diffusion coefficient in the 
composite materials field (Collings and Copley 1983, Collings and Stone 1985, 
Matthews & Rawlings 1994, Burcham et a l 1996, Jones 1998, Srihari at al 1999).
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Using Equation (2.24) the diffusion coefficient can be found from the initial slope of a 
plot of moisture uptake as a function of the square root of time. This estimate for D 
can then be put into Equation (2.19) when curve fitting a calculated sorption plot to 
the empirical data, as a guide. Adjustments can then be made to the value of D until a 
better fit is found.
Early work on the absorption and desorption of moisture in composite materials was 
reported by Shen and Springer (1976). It was shown that the absorption of moisture 
by a T-300/1034 composite was consistent with Pick’s second law. Hence a plot of 
moisture content, (wt%), against the square root of time (Vh), followed the expected 
trend of a linear dependence initially which then reached maximum moisture content 
asymptotically.
Typical data from Shen and Springer are shown in Figure 2.3; in this data, the 
moisture content increases linearly with the square root of time and then starts to 
reach a saturation value after 20 h^ ^^ .
The diffusion coefficient is generally assumed to follow an Arrhenius-type 
dependence on temperature (Browning et al. 1977, Shirrell and Halpin 1977, Gillat 
and Broutman 1978, Whitney and Browning 1978, Blikstad et al. 1984, Mallick 1993, 
Atkins 1994, Gibson 1994, Jones 1994, Paplham et al. 1995, Burcham et al. 1996, 
Zhou and Lucas 1999 a):
D = D o C x p - ^  (2.25)
0 ^ RT
where Do is a constant, Qd is the activation energy, R is the universal gas constant, and 
T is the absolute temperature. Some generic experimental results relating to the effect 
of temperature are summarised in the paragraph below.
Specimens of T300/5208 carbon fibre reinforced epoxy-novalac resin exposed to 
temperatures between 21°C and 82°C in various humid environments showed that as
12
temperature was increased the time to saturation decreased, i.e. the diffusion 
coefficient increased (Shirrell 1978). Similar results were shown by De Iasi and 
Whiteside (1978) with samples of six epoxy resins (3501-5, 3501-6, 3502, 934, 5208, 
and NMD 2373), a 15 ply unidirectional AS/3501-5 carbon fibre reinforced epoxy 
resin laminate, a 6 ply unidirectional B/5505 boron fibre reinforced epoxy resin 
laminate, and an 11 ply AS/3501-5-B/5505 hybrid laminate. In each case the 
diffusivity increased with increasing temperature. Clark al. (1990) further 
demonstrated this relationship between temperature and diffusivity.
With regard to the effect of relative humidity, early work (Shirrell and Halpin 1977, 
Shirrell 1978) demonstrated that as the relative humidity was increased the 
equilibrium moisture content of samples of T300/5208 carbon fibre reinforced epoxy- 
no valac resin also increased. Browning (1978) showed that when the relative 
humidity was increased from 75 % to 100 % the equilibrium moisture content of the 
exposed epoxy resin rose by 1.5 wt%. Similar results were shown by De Iasi and 
Whiteside (1978) with samples of six epoxy resins (3501-5, 3501-6, 3502, 934, 5208, 
and NMD 2373), a 15 ply unidirectional AS/3501-5 carbon fibre reinforced epoxy 
resin laminate, a 6 ply unidirectional B/5505 boron fibre reinforced epoxy resin 
laminate, and an 11 ply AS/3501-5-B/5505 hybrid laminate. In each case the 
equilibrium moisture content increased with increasing relative humidity. Similar 
results relating to the link between the equilibrium moisture content and the relative 
humidity were reported by Clark et al. (1990), Bond (1996) and Srihari et al. (1999) 
amongst others.
There are various phenomena which can lead to non-Fickian diffusion. Burcham et 
al. (1996) found Fickian behaviour, in terms of moisture uptake for IM7/Avimid®
K3B carbon fibre reinforced thermoplastic polyimide laminates when immersed in 
room temperature water. At 80°C, however, behaviour contrary to second law Fickian 
diffusion was observed, consisting of a postsaturation increase in moisture uptake.
This was presumed to be due to the observed microcracking in these laminates.
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2.2.5 Effect of polymer chemistry on moisture absorption 
characteristics
The amount of moisture absorbed by a polymer in a given environment is dependent 
on its polarity, crosslink density, and, for a crystalline thermoplastic, fraction of 
amorphous content together with the effects of any residual chemical components 
(monomers, hardeners) and any hygroscopic species such as inorganic or glass 
surfaces (Jones 1994,1998). Water absorption may differ by a factor of ten between 
different resin types and by a factor of three for a single resin having different curing 
formulations (Wright 1981).
Since the polarity of a matrix resin is governed by its final chemical structure, a low 
polar molecule may become highly polar after curing. In general, the higher the 
polarity of a matrix resin the greater the amount of absorbed moisture. In the case of 
epoxy resins, the base resin and hardener type have a major influence on the polarity 
of the cured polymer. Advances in the development of epoxy resins systems have led 
to the utilization of polyfimctional epoxies, which have potentially high crosslink 
densities. In addition one effect of thermoplastic (e.g. polyethersuphone and 
polyetherimide) and thermosetting (cyanate ester resins) modifiers is to reduce the 
concentration of moisture attracting groups. The introduction of reinforcing fibres has 
been shown to reduce the moisture absorption proportionally (Jones 1998, Karad 
2000). Styrenated resins (e.g. unsaturated polyesters) exhibit low moisture absorption 
in comparison with epoxy resins. However, glass transition temperature is influenced 
strongly by the styrene copolymer network chain, limiting the maximum temperature 
at which the polymer can be used to 110°C. Table 2.1 shows typical values of 
moisture absorption for different resins.
2.2.6 The effect of applied stress on moisture absorption
Gillat and Broutman (1978) found that a tensile stress could increase the rate of 
absorption of moisture and also affect the value of the equilibrium moisture content. 
Their work examined the moisture absorption behaviour of a [0/90]2s SP313 carbon
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fibre reinforced epoxy laminate when subjected to various levels of tensile stress. 
Samples were stressed to 0, 25, 45, and 65% of their ultimate tensile strength (UTS) 
while immersed in water at 60°C.
The diffusion coefficient was found to increase with increasing stress. Table 2.2. 
Specimens of the samples were examined using scanning electron microscopy and it 
was found that none of the samples stressed to 25% of the UTS showed any damage. 
This suggests that stress alone increases diffusion, perhaps as a result of the driving 
force towards a stress-free state within the panels since absorbed moisture has been 
noted to reduce laminate stresses (Pagano and Hahn 1977). Samples stressed to 45% 
of the UTS showed no damage with low moisture content, but as the moisture content 
increased to lwt% and above transverse microcracking was visible. Similarly 
samples stressed to 65% of the UTS and containing absorbed moisture showed 
microcracking. Hence some of the enhanced rate of saturation was attributed to 
matrix cracking and interfacial damage. The equilibrium moisture content decreases 
initially with an applied stress. As the applied stress is increased, however, the 
equilibrium moisture content increases till it reaches the same level as the unstressed 
material. Pritchard and Stansfield (1987) also demonstrated an effect of stress on 
moisture absorption. They found an increase in the equilibrium moisture content of a 
[±45]4s carbon fibre reinforced epoxy resin from 1.55 wt% to 1.79 wt% following the 
application of a tensile stress of 150 MPa.
Neumann and Marom (1985) developed a model for moisture diffusion into stressed 
unidirectional laminates. According to this model, the ratio Da/Do is greater than 
unity for tensile loads and the increases rapidly with increasing loading angle. 
However, when the fibre axis is at a very small angle to the principal stress axis, i.e. 
less than 10°, there was no change in Da. At such small angles the fibres would be 
dominant, whereas moisture affects the matrix properties hence no change in Da was 
observed. It is assumed in their model that the diffusion process depends on the free 
volume of the matrix (as carbon fibres absorb virtually no moisture) and predicts the 
volume strain of the matrix (AVA^ o)matnx as a function of stress and the loading angle.
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2.2.7 Osmosis and osmotic damage
One view concerning the moisture absorption behaviour of cured thermosetting resins
regards the polymer as a semi-permeable membrane, which allows the flow of 
moisture but not catalysts and additives. Hence the osmotic pressure would lead
the polymer to absorb moisture to a greater degree (Jones 1998). Osmotic pressure is 
proportional to both the concentration of the organic molecules or ions, and the 
temperature. Hence at elevated temperature a common problem caused by osmosis is 
the plastication and softening of the polymer combined with the increased pressure 
associated with the absorbed moisture. At elevated temperature, the likelihood of the 
wet Tg for a conditioned polymer being close to ambient is increased. In practice the 
combination of these effects can lead to blistering in composite components. This is a 
particular issue for composite boats usually where the sea or river water has low 
salinity, and the boats can develop “boat pox”. These blisters may be associated in 
particular with residual stresses at the interface between the backing resin and the 
partially cured gel-coat. The additional swelling in the presence of water enhances the 
stress at the interface leading to the formation of microcracks, which develop into the 
blisters. Matching the properties of the backing resin to the gel-coat can help prevent 
blistering firom occurring in this manner. However, blistering can also occur at 
elevated temperatures. Work by Chaplin et al. (2000) showed that prolonged 
immersion of cyanate ester/bismaleimide blends at elevated temperatures led to 
blistering. It was suggested that this was associated with thermal degradation 
resulting in the evolution of carbon dioxide (Chaplin et al. 2000, Hamerton et al. 
2001).
It has been reported that when blisters form on laminates, their locations seem to be 
randomly distributed and that the shapes and sizes are variable (Jones 1994). The 
blisters can be quantified according to their size and frequency using a paint industry 
defined test defined with an ASTM standard (ASTM D714-87 1999). Jones (1994) 
has also classified blisters into four groups according to their origins. These are 
contaminants, bubbles, precracks, and fibre bundles. Some contaminants found in the 
gelcoat can cause blistering by osmosis as described previously. Bubbles in the 
gelcoat have the potential to develop into blisters following moisture absorption if
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moisture accumulates in the bubbles. Alternatively, water immersion itself may lead 
to the development of cracks due to boundary layer stress, which may develop into 
blisters with continued water absorption (Jones 1994, 1998). In glass fibre reinforced 
composites, blisters can form along the bundles behind the gelcoat, where moisture is 
initially attracted by internal stresses and later by osmosis. Regardless of the 
mechanism by which they form, blistering damage is likely to reduce the mechanical 
properties of the composites and is undesirable.
2.2.8 The effect of absorbed moisture on the mechanical properties 
of polymers and fibre reinforced polymer composites
The absorption of moisture affects the mechanical properties of the matrix resin, the 
interface between the fibres and the matrix, and hence the composite. Moreover, 
while carbon fibres are relatively unaffected by moisture, the strength of glass fibres 
can be degraded. Browning et al. (1977), for example, reported the degradation of 
mechanical properties of CFRP with increased moisture. Their work, using 8 ply 
laminates of Hercules AS/3501-5, assessed the tensile properties of dry and moist 
specimens of unidirectional carbon fibre reinforced composites. A 1.05 wt% weight 
gain due to conditioning at 200°F/75 %RH resulted in a 25% reduction of the 
transverse Youngs’ modulus (Ex) compared to a dry sample kept at the same 
temperature.
Gillat and Broutman (1978) found that the mechanical properties of a [0/90]2s carbon 
fibre reinforced epoxy laminate deteriorated with increased absorbed moisture 
following immersion in water at 60°C. The 90° flexure strength, a matrix dominated 
property, showed a reduction up to 45% in the strength for specimens that were 
completely saturated with moisture.
Tensile tests on a glass fibre fabric reinforced epoxy resin formulation, namely F155- 
5/1543, showed a significant reduction in the transverse Youngs’ modulus and 
ultimate tensile strength when immersed in water at 80°C for 14 days compared to the 
dry specimens (Ishai and Amon 1979). In the case of a brittle resin system such as
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FI 61/1543, however, the presence of moisture was seen to have a beneficial effect on 
some of the matrix dominated mechanical properties. This suggests, not surprisingly, 
that the effects of moisture are highly resin dependent.
Apicella et a l (1979), on the other hand, reported a reduction in the mechanical 
properties of the of a DGEBA/TETA (diglycidyl ether of bisphenol-A/trethylene 
tetramine) system polymer with absorbed moisture. Samples were immersed in a 
water bath until saturated. Tensile tests were performed using a testing machine with 
a temperature controlled chamber for dry tests and a thermostatically controlled water 
bath for saturated samples. The ultimate tensile strength was reduced from a dry 
value of 63.5 MPa to 45.1 MPa once saturated at 75°C (3.18 wt% moisture gain), and 
further reduced to 32.2 MPa when saturated at 45°C (3.63 wt% moisture gain). 
Similarly, Pritchard and Stansfield (1987) showed a significant reduction in the 
mechanical properties of a [±45] carbon fibre reinforced epoxy resin after exposure to 
50°C and 96 %RH up to saturation, a moisture content of 1.55 wt%.
Finally, Bond (1996) showed a reduction in the tensile properties of a 16-layer 
unidirectional T800/924 CFRP with increasing moisture. The 0° elastic modulus was 
reduced fi*om 160 GPa for the dry material, to 155 GPa for the wet material (a 2.0 
wt% moisture gain). Similarly, the 0° tensile strength was reduced from 2.3 GPa to
1.9 GPa. Tensile tests conducted at 90° to the fibre direction showed a reduction in 
the elastic modulus firom 10 GPa to 8 GPa and a reduction firom 80 MPa to 40 MPa 
for the 90° tensile strength, from the dry sample to the wet (2.0 wt% moisture).
2.2.9 The effect of absorbed moisture on the glass transition 
temperature of polymers and fibre reinforced polymer composites
It has been observed, using a number of techniques, that the glass transition 
temperatures of polymers and fibre reinforced polymer composites are reduced 
markedly by absorbed moisture. Kelley and Bueche (1961) derived an equation to 
quantify the effect on the glass transition temperature (Tg) of a polymer diluent:
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where Tgm and Tgd are the glass transition temperatures of the pure polymer matrix 
and diluent respectively, Vm is the volume fraction of the polymer matrix, the term 
(ûmr - ûîmg) is the difference between the polymer thermal expansion coefficients above 
and below the Tgm, and % is the thermal expansion coefficient of the diluent. Kelly 
and Bueche assumed that the free volume of the diluent is added to the free volume of 
the polymer, implying that the Tg of a polymer can be lowered by mixing it with a 
liquid containing more free volume that the undiluted polymer. The resulting diluent- 
polymer system will contain more free volume at any given temperature than the pure 
polymer.
There have been many studies of the effect of absorbed moisture on the glass 
transition temperature. Browning (1978) showed that an equilibrium moisture content 
of 1.5 wt% for an exposed epoxy resin reduced the Tg by 10°C.
Work by Apicella and colleagues (1979) on a DGEBA/TETA (diglycidyl ether of 
bisphenol-A, more commonly known as Shell Epon 828/triethylene tetramine) 
polymer system also reported a reduction in the glass transition temperature of the 
polymer with absorbed moisture. Table 2.3. The sample saturated at 45°C showed a 
lower glass transition temperature than that saturated at 75°C (it was observed that the 
samples saturated at 45°C absorbed more moisture than those saturated at 75°C, 
which is contrary to expectation that temperature affects only the rate of absorption 
and not the equilibrium moisture content). It is possible that, exposure to 75°C could 
possibly have degraded the polymer matrix.
Wright (1981) examined the variation of the glass transition temperature with 
moisture content for several resin systems. It was suggested that a general trend could 
be seen whereby for each 1 wt% absorbed water there is a drop in the Tg of about 
20°C.
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Surprisingly, Jacobs et al. (1991) demonstrated no change in the Tg of a PMR 15 
based carbon fibre reinforced composite with an absorbed moisture content of 1.6 
wt%. By contrast, Burcham et al. (1996) showed that Tg measurements made in both 
the longitudinal (dry value - 262°C) and transverse (dry value - 252°C) directions 
were reduced, to 245°C and 233°C respectively, after saturation in an atmosphere of 
80°C and 100%RH.
Numerous other workers have found that the Tg is reduced by the presence of 
absorbed moisture {e.g. Browning et al. 1977, Karad and Jones 1999, Karad 2000, 
Karad et al. 2002 a, b). In the next section, the combination of moisture absorption 
and elevated temperature (thermal spiking) is considered.
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2.3 Thermal Spiking
2.3.1 Introduction
In practice, environmental exposure may not necessarily involve constant temperature 
conditions. Temperature can vary with time. If the dwell times at different 
temperatures are long, then the composite experiences “thermal cycling”. If the 
composite is exposed to a high temperature for a relatively short time then this 
constitutes a “thermal spike”. During thermal spiking, a composite component will 
experience a short (about 5 minutes) exposure to a relatively high temperature close 
to, but below, the Tg of the polymer matrix. In service, thermal spikes are 
encountered, for example, by aircraft flying at supersonic speeds (McKague et a l
1975, Wilkins 1977, Shyprykevich and Wolter 1982, ’^ i te s id e  et a l 1983).
Exposure to thermal spiking enhances significantly both the rate at which the
composite absorbs moisture and the saturation moisture level, compared to constant 
hygrothermal conditions. Furthermore, the performance of a component that has been 
thermally spiked may be affected, even if only due to the additional moisture 
absorption.
2.3.2 The conditions necessary for thermal spiking to affect moisture 
absorption
The first systematic work on the effects of thermal spiking appears to have been 
carried out by McKague et a l (1975). As indicated above, thermal spiking can be 
described as the rapid heating of a material, previously exposed to warm moist 
conditions, to a high temperature in a moist environment for short periods of time at 
regular intervals. At the end of the spike there is rapid cooling, following which the 
component is returned to warm moist conditions. Important issues in thermal spiking 
behaviour which are addressed in the remainder of this section include the following: 
the spike parameters (temperature duration), how the spike affects the material, the 
stage in the thermal cycle at which the moisture absorption enhancement effects
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occur, and the necessary conditions for a difference in absorption characteristic to 
become apparent.
There are quite specific conditions necessary for an increase in moisture to occur as a 
consequence of thermal spiking. The first is that prior to spiking, and during the 
spike, the sample must be kept moist, i.e. moisture must be present at the elevated 
temperature. Along with this condition the time at the raised temperature must not be 
too extensive, and usually not more than 5 minutes. As suggested by McKague et al. 
(1975), an exposure time of this duration ensures that the whole of the specimen has 
both reached the spike temperature and remained at that temperature for 
approximately one minute.
The work on thermal spiking by McKague and colleagues (1975) found that exposure 
of a carbon fibre reinforced epoxy composite to moist conditions, with intermittent 
excursions to 149°C, resulted in enhanced moisture absorption. The samples of 
T300/5208 CFRP were heated to the peak temperature at a rate of 44.7°C/min and 
cooled to room temperature at 29.8°C/min to simulate the supersonic portion of a 
typical flight training program. Specimens of [O2, ±45]s lay-up were conditioned at 
24°C and 75 %RH to imitate ground conditions, and immersed in agitated water at 
24°C to replicate rain. The specimens exposed to constant hygrothermal conditions 
(24°C, 75 %RH) absorbed 1.1 wt% of moisture after 11.6 weeks. In comparison the 
thermally spiked samples absorbed 2.0 wt% moisture over the same period of time. 
Using the same spike program. Browning (1978) showed an increase in the maximum 
moisture content of multifunctional epoxy (tetragylcidylmethylene dianiline) resin 
samples fi*om 2.5 wt% to 5.5 wt% following exposure to thermal spikes.
De Iasi and Whiteside (1978) also showed an enhancement in the moisture absorption 
behaviour of a range of samples following thermal spiking. Their work utilised 
samples of six epoxy resins (3501-5, 3501-6, 3502, 934, 5208, and NMD 2373), a 15 
ply unidirectional AS/3501-5 carbon fibre reinforced epoxy resin laminate, a 6 ply 
unidirectional B/5505 boron fibre reinforced epoxy resin laminate, and an 11 ply 
AS/3501-5-B/5505 hybrid laminate. Samples were subjected to a weekly thermal 
cycle that was selected to represent supersonic mission conditions. The program
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involved cooling the samples from 23°C to -55°C in 7 min and holding at -55°C for 
15 min. Samples were subsequently heated to 127°C in 12 min and held at this 
temperature for 15 min, before being cooled to -55°C in 9 min and held for a further 
15 min. Finally the samples were returned to 23°C in 6 min. In the periods between 
the spiking, samples were kept at 23 °C at humidity levels of 47, 76 or 100 %RH. 
Except for samples kept at 47 %RH, all showed enhanced moisture absorption when 
spiked compared to their non-spiked equivalents. Samples conditioned at 100 %RH 
showed a greater degree of enhancement than those conditioned at 76 %RH. De Iasi 
and Whiteside (1978) proposed that the enhancement was associated with matrix 
microcracking. These cracks were believed to pre-exist in the resin. It was suggested 
that the cracks might have been propagated further by absorbed moisture and spiking. 
Further, that the cracks might provide a greater amount of surface area for absorption 
and capillary action which could result in a greater apparent diffusion rate and that the 
localised moisture within the matrix at high temperatures might increase the pressure 
within these cracks so that the cracks propagate to form blisters. An alternative 
explanation proposed was that spiking generated the cracks, since the increased 
moisture would have reduced the Tg and a combination of moisture and thermal 
stresses would be sufficient to cause cracking. Although matrix microcracking may 
affect the rate at which saturation is reached, increased saturation levels cannot be 
accounted for by either of the two explanations. Moreover, as will be discussed 
further in Section 2.3.8, enhanced saturation levels are not always accompanied by 
microcracking.
Shyprykevich and Wolter (1982) exposed samples of Hercules AS/3501-5A carbon 
fibre reinforced epoxy laminates to a single thermal spike regime per week based on 
the supersonic flight profile of the B-1 aircraft. This involved a complex testing 
program, much like that used by McKague et a l (1975), with the thermal spike lasting 
11 min at 126.4°C. Again, enhanced moisture absorption was observed in the 
samples that were spiked compared to those that were not.
Adamson (1983) conducted experiments using Hercules AS/3501-5 carbon fibre 
reinforced epoxy laminates which involved the immersion of samples in water, 
initially at 74°C for 144 days followed by immersion at 25°C for 50 days, with regular
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exposure to thermal spikes at 132°C for the 50 day period. To explain the enhanced 
moisture absorption, Adamson (1983) proposed that a sudden and rapid rise in 
temperature increases the thermal motion of the polymer molecules, thus changing the 
availability of the free volume in the resin structure. Moisture present in the free 
volume of the resin due to immersion at 25 °C can therefore diffuse within the matrix 
more freely at 132°C. When exposed to 132°C, the moisture could occupy a site 
within the matrix not accessible at 25°C, leaving the low temperature free-volume 
sites free of moisture. It is possible that rapid cooling of the composite back to 25 °C 
could lock the moisture in the new sites within the resin structure. Further 
conditioning at 25°C would result in moisture occupying the low temperature free 
volume sites, which are now available after the spike.
Collings and Stone (1985) investigated the moisture uptake with time of five different 
lay ups of XAS/914. Three environments were used in the investigation to mimic 
various real life conditions. A warm moist environment, 96%RH at 60°C, was 
utilised to mimic the most severe environment that the composite would be exposed 
to in service. To imitate the most extreme conditions in flight, thermal spiking at 
135°C for 5 min was employed. A set of control samples was exposed to 60°C under 
vacuum to remove moisture and then dry spiked regularly. After exposure to the dry 
spikes, the samples were exposed to 96 %RH at 60°C to observe any changes in the 
moisture absorption behaviour of the composite compared to isothermally aged 
specimens. The dry spiking experiments were conducted to observe whether the 
presence of moisture in the samples during spiking was crucial to the increased 
moisture absorption. The results showed that thermal spiking of dry samples had no 
effect on the subsequent rate of moisture uptake. However it was found, consistent 
with previous studies, that thermal spiking of wet samples changes both the diffusivity 
and the maximum moisture content of a laminate.
Figure 2.4 shows the data relating to the moisture absorption by the [0]g laminates 
under the three conditions described in the previous paragraph. The solid line shows 
the data obtained for the constant hygrothermal conditions (60°C, 96 %RH). The 
dashed line represents the data obtained for the material spiked dry prior to 
conditioning at 96 %RH 60°C. It is clear that dry spiking had no effect on the
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moisture absorption behaviour of the laminate. The jagged line shows the absorption 
behaviour of a laminate that was exposed to moisture and spiked. The saw-tooth 
shape arises because the laminate loses water during the spike, but on return to a 
humid environment absorbs moisture at an enhanced rate to a higher level. Each 
oscillation indicates a thermal spike and overall, the spiking of a wet laminate 
increases its moisture absorption characteristics. Similar results were found for each 
of the other laminate lay-ups that were studied. The dry spiking results were 
confirmed by Clark et al. (1990) who subjected dry specimens of XAS/914C and 
AS4/3501-6 to spikes at 109°C and 123°C prior to moisture conditioning. When 
placed in a warm moist environment (96 %RH at 87°C), the specimens showed no 
enhanced moisture absorption compared to samples that had not been spiked. Karad 
et al. (2002 a, b) confirmed that dry spiking has no effect on the moisture absorption 
of other resin systems, namely cyanate ester resins and cyanate ester modified epoxy 
resins.
The duration of the spike can affect whether of not the moisture absorption behaviour 
is modified by thermal spiking. Guetta et al. (1989) examined the effects of thermal 
spiking on the behaviour of T300B/polystyrylpyridine (PSP) under three different 
conditioning regimes. The first consisted of heating to a temperature of 150°C for 1 h 
in an ambient moisture environment, and subsequently ageing at 100%RH and 70°C 
as a control. The second regime consisted of heating to 150°C for 1 h in an ambient 
moisture environment and then ageing at 100%RH and 70°C for 15 days; this cycle 
was repeated a number of times. The third regime consisted of heating to 250°C for 
Ih in an ambient moisture environment followed by ageing at 100%RH and 70°C for 
15 days; again the cycle was repeated a number of times. The results showed hardly 
any difference for the samples cycled at 150°C and the control sample. The contrast 
with the Collings and Stone paper is a consequence of exposing the composite to high 
temperatures (150°C or 250°C) for a relatively long time (1 h). So instead of being 
exposed to thermal spiking, the samples were maintained at high temperature for 
longer periods of time allowing the sample to dry. A change was noted in the 250°C 
samples after 20 cycles, in that there was a decrease in moisture uptake, which points 
towards a degradation of the polymer. This was confirmed by infra-red spectroscopic 
analysis of the cycled polymer, which showed a chemical degradation associated with
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oxidation of the matrix. Loos and Springer (1979) exposed dry samples of T300/1034 
CFRP to intermittent spikes at 177°C. Again, no enhanced moisture absorption 
behaviour was observed. They also found that when saturated samples of T300/1034 
CFRP were subjected to continuous spiking at 177°C, {i.e. the samples were not 
returned to a warm moist environment between spikes) there was no enhancement in 
their moisture absorption behaviour. The thermal spiking of dry XAS-914C and 
AS4/3501-6 carbon fibre reinforced epoxy laminates by Clark et al. (1990) also led to 
no enhancement in their moisture absorption behaviour.
Work by Ankara et al. (1986) investigated spiking of CFRP samples previously 
saturated with moisture at 70°C at various humidities from 65 %RH to 96%RH. The 
material used for this study was Fibredux 914C resin with two different carbon fibres, 
Toray T300 and Courtaulds XAS. This resin (914C) is a tetra-fimctional epoxy resin 
with a high cross-link density that leads to good mechanical properties at elevated 
temperatures. Samples were exposed to 70°C and 96 %RH until saturation and then 
cooled to room temperatures for an hour. Samples were then spiked at various 
temperature in the range of 100°C to 130°C once a week for ten weeks, in order to 
examine the effect of spiking temperature on the moisture absorption characteristics. 
The time at temperature during the spike was 5 min. After each spike the samples 
were returned to the warm moist environment. After ten weeks, samples exposed to 
spikes at temperature between 110 and 130°C seemed to show only a slight increase 
in absorption, which was argued to be within experimental error. This could suggest 
that samples need to be exposed to spikes prior to saturation in order to observe 
enhanced moisture absorption characteristics. On the basis of this study, spiking of a 
saturated material seems to have little effect on the maximum moisture content. Loos 
and Springer (1979) conducted similar spiking experiments on samples of T300/1034 
CFRP which had been saturated at 93°C and 100 %RH. Specimens were exposed to 
intermittent spikes at a temperature of 177°C. No enhanced moisture absorption 
behaviour was observed on reconditioning, consistent with Ankara et al. (1986).
Clark and colleagues (1990) subjected saturated specimens of XAS-914C and 
AS4/3501-6 carbon fibre reinforced epoxy laminates to thermal spiking and then 
returned the samples to the warm moist environment. None of these samples showed 
a significant increase in the equilibrium moisture content compared to equivalent non-
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spiked material. However, samples spiked during moisture absorption, i.e. dry 
samples placed in a warm moist environment and spiked at 48 h intervals, showed 
significant enhancement to their moisture absorption behaviour. It was suggested that 
a moisture gradient, which is only present while the material is still absorbing 
moisture, was required in order for any change in the moisture absorption to be seen. 
Clark et al. (1990) argued that since these conditions would favour microcracking and 
damage {i.e. thermal gradients, superheated water, and moisture gradients) it is 
perhaps microcracks which facilitate further moisture absorption. However, this 
argument is perhaps flawed since microcracks would only really affect the rate of 
saturation. The free volume argument (see above) proposed by Adamson (1983) was 
not addressed within the literature with regard to saturated samples. It is possible that 
the localised stresses associated with the moisture gradient, superheated water vapour, 
and temperature gradients within a non-saturated composite sample during thermal 
spiking assist the relaxation and rotation of the polymer chains, allowing for the 
enhancement of the moisture absorption behaviour to occur. Stresses associated with 
thermal spiking of a saturated sample may be caused by superheated water vapour 
alone and may be more evenly distributed through the sample. Such stresses may not 
be sufficient to result in a change in the moisture absorption behaviour.
Collings and Copley (1983) studied thermal spiking and proposed another possible 
explanation for the accelerated ageing phenomenon. Their experiments involved a 
three stage aging scheme to investigate accelerated moisture absorption at a constant 
temperature of 60°C involving different relative humidities in each stage, see Table 
2.4. Working mainly with a carbon fibre reinforced laminate fabricated from XAS 
fibres in a Ciba-Geigy BSL 914 resin matrix, comparisons were made between the 
time required to reach saturation utilising constant hygrothermal conditions compared 
to the accelerated ageing program. Table 2.5 shows the time taken to reach a moisture 
content of 1.06 % using various hygrothermal environments. It can be seen that the 
use of low temperature and humidity to achieve a laboratory scale representation of 
the life time exposure to moisture of a component was impractical. Increasing the 
temperature allowed for some increase in the rate of diffusion, but an increase to 
greater than 60°C was believed to be unrepresentative of natural ageing. The 
implementation of the accelerated ageing program resulted in rapid absorption of
27
moisture which surpassed all the other conditions except conditioning at 60°C and 96 
%RH. Samples conditioned with the three stage ageing scheme took longer to reach a 
moisture content of 1.06 % than using 96 %RH at 60°C. However, it was suggested 
that the isothermal condition of 60°C and 96 %RH probably caused a steep through 
thickness moisture gradient compared to the three stage ageing and therefore was not 
comparable to a real life situation.
By breaking down the thickness of the sample into a set of slices, each with its own 
moisture content that needs to be determined with the change in atmospheric 
conditions at each stage, Collings and Copley developed a finite difference procedure 
to model the accelerated ageing process. Figure 2.5 shows the predicted through­
thickness moisture distributions after each stage of the accelerated ageing program. 
Collings and Copley (1983) showed that towards the end of the first stage a moisture 
gradient would exist across the specimen thickness. The moisture content at the 
surfaces would be at the equilibrium value while towards the centre of the specimen 
the moisture content is lower. The transition from stage one to stage two involves a 
reduction in the relative humidity but no change in the temperature; hence a new 
moisture gradient will develop. The moisture near the centre of the sample is lower 
than that further from the centre, so there is a driving force for the moisture to travel 
towards the centre of the thickness. Similarly towards the surface of the sample the 
moisture content is higher than the atmosphere and hence the moisture at the edges 
will be driven out of the sample. After stage 2, the moisture content in the centre has 
been raised while at the surface it has been lowered. The increase in the relative 
humidity in stage 3, allows the moisture content across the thickness to achieve a 
reasonably uniform value. Ciriscioli et al. (1987), conducting similar accelerated 
ageing experiments, produced similar experimental results.
The above analysis shows that a reduction in the relative humidity may have resulted 
in some of the moisture already present in the sample being driven towards the centre 
of the sample, which obviously increases the localised moisture content at the centre 
of the sample. A similar redistribution of moisture could be part of the process that 
occurs during a thermal spike. In the spike, moreover, the temperature is increased so 
that the rate at which the change in the moisture profile occurs is more rapid. After
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the application of the spike, the surfaces will have lost moisture. This may explain the 
increase in rate of absorption when the humidity is increased after spiking, but the 
redistribution of the moisture within the coupons does not explain the increased 
equilibrium moisture contents achieved due to thermal spiking.
The previous paragraphs have summarised early work examining the conditions 
necessary for thermal spiking to lead to an enhanced moisture absorption. To 
summarise the phenomenon:
• Samples of resin or composite are placed in a warm moist atmosphere.
• Samples are removed firom the warm moist atmosphere to be exposed to 
intermittent periods of relatively high temperatures for short times.
• Samples are subsequently cooled rapidly, after which they are returned to the 
warm moist environment.
• Samples show enhanced moisture absorption behaviour compared to identical 
samples that have been exposed to the warm moist conditions alone.
Moisture must be present in the sample during both the spike temperature and while 
cooling, for enhanced moisture absorption. Samples spiked when saturated show no 
modification to their sorption characteristics, suggesting that a concentration gradient 
across the thickness of the sample is required. More recent studies on thermal spiking 
have been conducted, e.g. Pritchard and Stansfield 1987, Xiang and Jones 1993, 1997, 
Hough et al. 1997,1998, Jones-1998, Karad 2000, Karad and Jones 1999, 2002 a, b. 
The results are consistent with those reported above; further aspects of the problem 
are discussed in the sections which follow.
2.3.3 Effect of spiking temperature
Some important phenomena are observed upon modifying the temperature of the 
thermal spike. A summary of the main experimental observations on the effect f  
spiking temperature is given in the following paragraph. This is followed by more 
detailed discussion of the individual studies.
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As the spiking temperature is increased it has been found that the saturation moisture 
uptake level initially increases too. At some critical spiking temperature, which 
appears to be related to the Tg of the matrix, the greatest enhancement of the moisture 
absorption is seen. Further increases in spiking temperature beyond this critical 
temperature result in a reduction in the degree of moisture absorption. As the 
temperature is increased further, the moisture absorption behaviour can be reduced to 
a level below that achieved under constant hygrothermal conditions.
Clark et a l (1990) thermally spiked specimens of XAS-914C and AS4/3501-6 carbon 
fibre reinforced epoxy laminates at temperatures between 109 and 140°C. Their work 
showed that the higher the spike temperature the greater the increase in moisture 
absorption.
Xiang and Jones (1993) examined the effect of spiking temperature on samples of 
[O2/9 O/O2] 5245C, a carbon fibre reinforced bismaleimide modified epoxy resin, which 
were exposed to spikes at temperatures between 100°C and 160°C, during 
conditioning at 45°C and 96 %RH. The spiking time was increased for the higher 
temperature thermal spikes in order to ensure uniform temperature in the samples 
during spiking, see Table 2.6. Increasing the spike temperature between 120°C and 
140°C led to a small but measurable enhancement of the moisture absorption, but 
further increases in spike temperature above 140°C did not result in further 
enhancement. Instead, after prolonged conditioning and spiking, the moisture content 
of the 160°C spiked specimens increased at a lower rate and eventually fell below that 
of the specimens spiked at 140°C. Xiang and Jones (1997) investigated further the 
effects of spiking temperature on moisture absorption of carbon fibre reinforced 
5245C, but this time using other laminate lay-ups. The effect of thermal spiking was 
again studied over the range of 100 to 160°C. Regardless of the laminate 
configuration, the exact trends described above were duplicated. It was suggested that 
the free volume present and its distribution play a significant role in the enhanced 
moisture absorption associated with thermal spiking since 140°C is very close to the 
glass transition temperature of the wet resin. Additionally and importantly, given
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speculation by previous researchers, no physical damage was observed that might 
have accounted for the increased rate of moisture absorption.
In a study on several blends of 924 (epoxy resin) with 924T (polyether sulphone or 
PES), conducted by Hough and Jones (1997), the effect of varying the spike 
temperature between 100 and 200°C was examined. Regardless of the blend ratio, the 
highest moisture content observed was achieved by spiking at 140°C; the highest 
initial rate of absorption was seen at 160°C. The wet Tg of the blends was 
approximately 200°C. Hence, for each case there was a critical spike temperature 
close to the wet Tg at which the maximum enhancement to the moisture absorption 
was observed.
Work by Hough et a l (1998) involved the testing of three carbon fibre epoxy resin 
systems in unidirectional laminate form. These were (i) 5245C, a bismaleimide 
modified epoxy resin (16 ply), (ii) 927, a high temperature modified epoxy blend (8 
ply), and (iii) 924, a thermoplastic/epoxy blend (8 ply). Each material was exposed to 
spike temperatures between 100 and 200°C with background conditioning at 50°C and 
96 %RH. The samples were exposed to 22 spikes over 5100 h and the time at 
temperature during the spike was 1 minute. There was an increase in moisture uptake, 
compared to that of the non-spiked samples, for all of the spiked samples with the 
greatest increase at either 140°C or 160°C for all specimens. Table 2.7 shows the 
moisture content of the three laminates at the end of the study. No microcracks were 
observed in the wet laminates that had been spiked.
To account for the moisture enhancement, it was proposed by Hough et a l (1998) that 
with each spike additional free volume is created and that the increment of free 
volume increases as the spike temperature approaches the glass transition region of 
the wet matrix. This extra free volume is retained on rapid cooling providing a 
mechanism for the accommodation of the enhanced concentration of moisture; this is 
similar to the explanation given by Adamson (1983). Both studies suggest that the 
increased moisture absorption is associated with additional availability of free volume 
as Tg is approached. It was proposed that the observed reduction in the moisture 
absorption following spiking at temperatures above 140°C and 160°C, was due to
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molecular relaxation of the polymer as the glass transition temperatures of the wet 
resins would have been exceeded. That is to say, above the glass transition 
temperature the molecular motion of the polymer would hinder moisture absorption. 
In addition, samples spiked to 200°C showed signs of blistering damage. It is 
therefore possible that spiking above the glass transition temperature could lead to 
degradation of the polymer network, and in turn reduce the saturation moisture level 
of the material. The mechanism suggested by Hough et al. (1998) was explored and 
explained further by Karad et al. (1999, 2002 a, b), the details of which are described 
below.
Work by Karad and Jones (1999) on exposure of cyanate ester (Arocyl 10)/epoxy 
blend (DEN 431) resins to thermal spiking over a temperature range of 100°C to 
180°C also indicated that as spiking temperature increased the moisture absorption 
increased, up to a maximum value at an intermediate spike temperature. Above this 
critical spike temperature a reduction in moisture absorption was observed. An 
interesting observation here was that the critical spike temperature was not the same 
for all blends; it decreased with increasing amount of epoxy. Karad et al. (2002 a, b) 
observed similar results when exposing a (50:50) blend of PT30/DEN 431 to thermal 
spiking, which they suggested reinforced the trends noted by Karad and Jones (1999). 
It has been reported (Jones 1998, Karad et al. 2000) that in the case of polymer blends 
the general trends are expected to be the same. In their work, Karad and colleagues 
also suggest that the mechanism for enhanced moisture absorption could be a 
redistribution of unoccupied free volume in the polymer network during conditioning 
and thermal spiking. The argument is as follows. Under isothermal conditions, initial 
absorption by a resin occurs rapidly, as moisture fills the readily available unoccupied 
free volume (which will be large sites) and partially swells the resin structure. Once 
the unoccupied free volume accessible to moisture is filled, the moisture absorption 
slows significantly and swelling occurs as the moisture content approaches saturation. 
Thus the water molecules initially diffuse into regions of volume equal or greater than 
the volume of the water absorbed. During thermal spiking molecular reorganisation 
of the resin network and free volume sites occurs allowing the water molecules to 
enter regions which were originally of volume lower than the volume of the water 
molecules. The molecular reorganisation is possible since during spiking the resin
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will be at a temperature close its Tg. The moisture will, upon cooling, become locked 
in the free volume created at the spike temperature and may result in swelling of the 
resin. Hence, it is suggested that the thermal spiking allows moisture to penetrate free 
volume sites that would not be available during exposure to isothermal conditions.
The larger free volume sites would become unoccupied and could be filled following 
the spike when the sample is returned to a warm moist environment.
2.3.4 Effect of spiking time
In their work with a (50:50) blend of PT30/DEN 431 resin, Karad and colleagues 
(2002 a, b) examined the effect of varying the time spent at temperature during a 
thermal spike. Three thermal spiking programs were used (Table 2.8), so that the time 
that the specimen spent at spike temperature, tg, was 1, 3, or 5 minutes {i.e. the time 
assumed by the authors for the sample to equilibrate).
Karad and colleagues (2002 a, b) showed that the enhancement in moisture absorption 
decreased with increased spike-time for all spiking temperatures (see Table 2.9).
When the spike time is increased more moisture is lost during the spike. It was 
suggested that this could be interpreted as an incomplete recovery of the additional 
desorption which occurs during a longer spike-time. That is to say, that perhaps only 
partial recover of the moisture content occurs between spikes when the samples are 
returned to the warm moist environment. An alternative explanation offered, by 
Karad and colleagues (2002 a, b), could be that more time is available for the 
relaxation of the polymer network at high values of tg, resulting in lower moisture 
absorption. As discussed already, one explanation for the enhanced moisture 
absorption during spiking is the reorganisation of free volume, possibly through 
skeletal rotation of the polymer chains. Hence, the thermal spiking effect would be 
strongly dependent on both the proximity of the spike temperature to the Tg and the 
exposure time. It is expected that during spiking, the total amount of free volume is 
unchanged but that the size of individual sites has been reorganised to encourage more 
moisture absorption. Increased time at the spiking temperature could change further 
the these sites so that the enhanced moisture absorption effect is reduced. Karad et al. 
(1999, 2002 a, b) suggest that the initial motion and rearrangement of polymer chains
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during the spike allows for a larger free volume site to become available, i.e. the 
average free volume site is increased is size as the polymer relaxes and smaller sites 
collate, but overall the total amount of free volume is unchanged. However, time at 
temperature may result in a small drop in the average free volume site size as the 
polymer chains rearrange. Karad et al. (1999, 2002 a, b) further suggested that the 
free volume sites associated with exposure to increased spike times were expected to 
be larger than those available at room temperature, which allows for some increased 
moisture absorption compared to samples exposed to isothermal (non-spiked) 
conditions. It is possible that a polymer may behave in such a manner, however it is 
difficult to discuss this hypothesis without examining the other evidence presented by 
Karad et al. (1999, 2002 a, b). The findings of their work are reported later in this 
chapter.
2.3.5 Presence of residual moisture following drying
As has already been suggested in the previous section, the enhanced moisture 
absorption behaviour under thermal spike conditions may indicate the occurrence of 
certain changes in the structure of the polymer matrix. In order to explore such effects 
further Xiang and Jones (1993) subjected [O2/9 O/O2] 5245C CFRP samples, both 
spiked and non-spiked, to a drying regime. The specimens were dried at 45°C in a 
vacuum oven in order to observe the desorption behaviour of the specimens after 
conditioning. The desorption curves for spiked samples indicated a residual weight 
increase relative to their initial weight before any conditioning. The isothermally aged 
samples also showed the presence of residual moisture upon drying, though the 
amount of residual moisture was less than that found with the spiked samples. It was 
found also that as the thermal spiking temperature increased, the amount of residual 
moisture increased. It was proposed that the residual moisture was a product of either 
hydrogen bonding of the water to the polymer network, or hydrolysis of the matrix, or 
a combination of both.
Later work by Karad and Jones (1999), who subjected cyanate ester (Arocyl 10)/epoxy 
blend (DEN 431) resins to thermal spiking over a temperature range of 100 to 180°C, 
also showed that as spiking temperature increased the amount of residual moisture
34
increased (see Table 2.10). Karad and Jones found that the residual weight also 
tended to increase with increasing concentration of cyanate ester in the blend.
Thermal spiking phenomena appear therefore to be similar for different systems. The 
mechanisms and the magnitude of the effect will differ and are presumably dependent 
on the chemistry of the matrix.
Karad et al. (2000, 2002 a, b) found similar results in their studies on a (50:50) blend 
of PT30/DEN 431. Again the amount of residual moisture after drying fi-om the 
spiking regime increased with increasing spike temperature. Karad (2000) followed 
Xiang and Jones (1993) in suggesting that this residual moisture was possibly due to 
hydrogen bonding of water to the matrix, hydrolysis of the matrix, or a combination of 
both these effects.
Zhou and Lucas (1999 a, b), provided evidence supporting the notion that presence of 
residual moisture post conditioning is a result of hydrolysis and hydrogen bonding. 
They used nuclear magnetic resonance (NMR) (Zhou and Lucas 1999 a), 
thermomechanical analysis (TMA), and differential scanning calorimetry (DSC)
(Zhou and Lucas 1999 b) to characterise exposed samples. Specimens of three epoxy 
systems were examined, namely DGEB A (diglycidyl ether of bisphenol-A, more 
commonly known as Shell Epon828) resin with a mDPA (metaphenylene diamine) 
hardener, TGDDM (tetraglycidyl-4,4 ’ -diaminodiphenyl methane, more commonly 
known as Ciba Giegy MY720) resin with a DDS (DuPont 4,4’-diamonodiphenyl 
sulfone) hardener, and 934 (Fiberite resin containing mainly TGDDM resin with a 
DDS hardener, plus small amounts of additives). The specimens were immersed in 
water baths of different temperatures until saturation (there were no spikes applied) 
and then dried in an oven at 60°C for 1450 h. Table 2.11 shows the residual moisture 
data for each of the resins at each of the conditioning temperatures. The trend 
suggests that more residual water is retained in samples conditioned at higher 
temperatures. In addition samples of Fiberite 934 resin were immersed in water at 
90°C for shorter times than required for saturation. Again, on drying, the amount of 
water retained increased with exposure time.
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Solid state NMR was conducted on these samples to determine the mobility of the 
water present in the epoxy and Zhou and Lucas (1999 a) showed that there were two 
types of bound water present in the epoxy resins. These binding types were classified 
as Type I or Type II bonding, depending on difference in the bond complex and 
activation energy. The activation energy of Type I and II bound water were shown to 
be approximately 10 and 15 kcal/mol respectively. The Type I bonding corresponds 
to a water molecule which forms a single hydrogen bond with the epoxy resin network 
and because it possesses a lower activation energy it is easier to remove the water 
from the resin than Type II bound water. Type II bonding is associated with a water 
molecule forming multiple hydrogen bonds with the resin network; Type II has a 
higher activation energy and is correspondingly harder to remove. Type I bound water 
was shown to be the major form of absorbed water and readily plasticises the epoxy 
resin; the amount of Type II depended strongly on the exposure temperature and time. 
Higher immersion temperatures and longer exposure times were shown to result in 
increasing amounts of Type II bound water. Although the samples in their work were 
not thermally spiked, residual moisture was noted after isothermal moisture 
conditioning and drying. As the conditioning temperature was increased, so too was 
the amount of residual moisture. With thermal spiking, such an effect would be 
expected to be greater as spiking temperatures tend to be close to the Tg and this will 
mean a greater degree of polymer flow and hence more chance for water to interact 
with the polymer network.
Zhou and Lucas (1999 a) used both TMA and DSC to determine the Tg changes at 
different stages in the conditioning. Their investigations revealed that the change in 
Tg does not depend solely on the water content absorbed by the epoxy resin but on the 
hygrothermal history of the material. It was observed that higher exposure 
temperatures and longer immersion times resulted in higher Tg values; hence both 
Type I and II bound water influence the Tg variations but in different ways. It was 
suggested that Type I bound water disrupts the interchain Van der Waals force and 
hydrogen bonds, resulting in increased chain segment mobility, i.e. it acts as a 
plasticizer and decreases Tg. In contrast Type II bound water contributed to an 
increase in Tg in water-saturated epoxy resin, by forming a secondary crosslink 
network.
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In addition, some of the above studies have shown that the moisture desorption 
diffusion coefficient is less that the absorption coefficient, and that the desorption 
coefficient decreases with increasing spike temperature (Xiang and Jones 1993, Karad 
2000, Karad et al. 2002 a, b). For example. Table 2.12 shows the diffusion 
coefficients for desorption of a [O2/9 O/O2] 5245C, a carbon fibre reinforced 
bismaleimide modified epoxy resin, exposed to thermal spiking temperatures between 
100 and 160°C (Xiang and Jones 1993).
It has been suggested (Karad 2000, Karad et al. 2002 b) that the reduction of the 
diffusion coefficient for desorption with increasing spike temperature could be a result 
of the degree of relaxation of the polymer matrix, which would also be expected to 
increase with increasing temperature.
In contrast Mijovic and Lin (1985) found a higher diffusion coefficient for moisture 
desorption and suggested that this may be associated with the release of the swelling 
strains induced during the absorption regime.
2.3.6 Isothermal reabsorption of moisture
McKague and colleagues (1975) first examined whether the enhanced moisture 
absorption caused by thermal spiking was seen when samples were dried out and 
reconditioned. In their work, spiked and dried specimens of T300/5208 CFRP were 
exposed to constant hygrothermal conditions and demonstrated enhanced moisture 
absorption compared to non-spiked samples (see Figure 2.6).
The subsequent study by Xiang and Jones (1993) using [O2/9 O/O2] 5245C CFRP 
confirmed this phenomenon. Samples were spiked to temperatures between 100 and 
160°C during conditioning at 45°C and 96 %RH. After drying, samples were 
reconditioned without spiking, and the specimens all showed the level of moisture 
absorption established at corresponding thermal spiking temperatures. It was 
suggested that these effects could be due to some hydrolysis of the polymer matrix 
and leading to perhaps an increase in crosslink density. An increase in crosslinking of
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the polymer matrix, in itself, may not affect the moisture absorption characteristics of 
the resin. However, it was believed to be unlikely that hydrolysis would lead to 
crosslinking through covalent bond formation as under cure conditions most 
functional groups react. Post-cure to raise Tg would require significantly higher 
temperatures. Molecular relaxation could, however, enable secondary intermolecular 
interactions to occur with the same result. Xiang and Jones (1993) also postulated 
that the distribution of free volume might be crucial to both of these effects, which is 
consistent with the suggestions of several authors concerning dependence of the 
enhanced moisture absorption on the spike temperature and time at the spike 
temperature.
Karad et al. (2002 a, b) observed the same retention of the enhanced moisture effect 
following thermal spiking. It was suggested again that the permanent enhancement of 
the maximum moisture content was possibly due to a change in the structure of the 
polymer network caused by thermally spiking the material. The free volume within 
the polymer, they suggested, was permanently rearranged to accommodate more 
moisture during thermal spiking, in a manner which may depend on the spike 
temperature and spike time. The rearrangement of the free volume allows for a 
permanent change in the moisture absorption characteristics.
2.3.7 Effect of spiking on glass transition temperature
In addition to permanent changes in moisture absorption properties, the effect of 
spiking on the glass transition temperature of the polymer matrix is also an important 
consequence. De Iasi and Whiteside (1978) exposed samples of Hercules AS/3501- 
5A carbon fibre reinforced epoxy laminates to a thermal spiking regime based on a 
supersonic flight profile of the B-1 aircraft with one thermal spike each week, lasting 
11 min at 126.4°C. The glass transition temperature for spiked samples, measured 
using thermomechanical analysis (TMA), was reduced (from 210°C when dry to 90°C 
following exposure to thermal spiking giving 3.0 wt% moisture). This was attributed 
to the spike temperature having exceeded the glass transition temperature of the 
matrix, and possibly causing damage or degradation within the composite.
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Xiang and Jones (1997) also measured the glass transition temperature of carbon fibre 
reinforced bismaleimide-modified epoxy resin, 5245C, following thermal spiking. 
Except for a dry sample, all were tested in their saturated state following moisture 
conditioning. The DMTA trace for the dry specimen showed a single tan ô peak at 
220°C, whereas traces gathered for the moist specimens, spiked or not, showed two 
tan Ô peaks. Table 2.13 shows the change in the tan ô peak temperature with spike 
temperature. It was shown that the temperature of the higher peak was reduced by the 
presence of moisture but seems relatively unaffected by increasing spike temperature.
It is well known that moisture has a plasticing effect which suppresses the glass 
transition temperature of a polymer matrix (Kelley and Bueche 1961). The low peak 
temperature reduced with increasing spike temperature over the range studied, even 
though the maximum moisture content peaked at a spike temperature of 140°C. It 
was suggested such behaviour might have been the result of a more significant 
hydrolysis effect associated with the water molecules at higher spiking temperatures; 
this might cause a greater reduction in Tg than the plasticising effect. It was 
hypothesised that if the presence of the second peak was due to a two-phase nature of 
the polymer matrix, then it might be that moisture has a more significant plasticising 
and/or hydrolysis effect on one particular phase. It was suggested that the epoxy 
phase would be more susceptible than the bismaleimide phase.
In their work on several blends of 924 (epoxy resin) with 924T (polyether sulphone or 
PES), Hough and Jones (1997) discovered that absorbed moisture led to a reduction in 
the Tg of each blend, and a lower peak (Tg2) became visible. As the spike temperature 
increased, Tg did not change much further, although the value of Tg2 decreased with 
increasing amount of PES in the blend, implying that the PES phase was affected to a 
greater extent by moisture and spiking. It was shown that the presence of reinforcing 
fibres reduced both Tg and Tg2. One possible cause suggested was that the presence of 
a sizing resin on the fibres, which is usually epoxy based, may combine with the 
matrix resin to form a cured region of lower glass transition temperature, i.e. an 
interphase.
Subsequent work by Hough et al. (1998) involved the testing of three carbon fibre 
epoxy resin systems. These were 5245C, a bismaleimide modified epoxy resin (16
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ply), 927, a high temperature modified epoxy blend (8 ply), and 924 a 
thermoplastic/epoxy blend (8 ply). In each case, DMTA traces from dry samples 
showed a single Tg peak whereas wet samples showed Tgi and Tg2 peaks. In the 
presence of moisture, Tgi was reduced by about 20°C regardless of the manner by 
which the moisture was introduced. Tg2 and TgE, the onset of the glass transition 
temperature, decreased with increasing spike temperature except in the case of the 924 
laminate. It was suggested that since the chemistry of the 924 matrix comprises an 
epoxy and a thermoplastic component, only plasticisation is expected whereas in the 
other two laminate resins chain scission and hydrolysis of the network may be 
occurring, leading to further reduction in Tg2 and TgE. Hough et a l (1998) proposed 
that although modifying and blending an epoxy with a thermosetting component may 
improve temperature and moisture resistance, there may be a lower resistance to 
thermal spiking.
All the studies described above concerned with examining the Tg of thermally spiked 
samples were conducted on wet samples though studies have been carried out on 
subsequently dried samples. Karad and Jones (1999) obtained DMTA traces for (i) 
samples that were saturated following exposure to thermal spikes, and (ii) samples 
that had been saturated by a regime containing spikes and subsequently dried out. 
Using cyanate ester (Arocyl 10 or A)/epoxy blend (DEN 431 or D) resins, thermal 
spiking was conducted over a temperature range of 100 to 180°C. The traces obtained 
from wet samples showed that in the (30:70) blend and the (50:50 blend), only one tan 
Ô peak was visible for all spike temperatures. For materials with an Arocyl 10 content 
of greater than 50 %, two tan b peaks could be identified on the traces of samples 
subjected to the higher spike temperatures. It was therefore proposed that the Arocyl 
10 component was affected to a greater extent by moisture and spiking. On 
examining the glass transition of samples exposed to thermal spikes over a period of 
time and then dried, it was observed that in all cases only one tan ô peak was visible 
and the Tg decreased with increasing prior spike temperature, except for the pure 
Arocyl 10 specimen spiked at 180°C where two tan ô peaks were observed. Karad 
and Jones (1999) suggested that the appearance of the second Tg peak, Tg2, could be 
associated with degradation of the polymer network.
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Subsequent investigations by Karad et al. (2002 a, b) on samples, of a (50:50) blend 
of PT30/DEN 431 spiked up to a temperature of 180°C, showed that Tg and TgE 
decrease with increasing spike temperature when the samples are tested wet, but 
return to within 5°C of the dry unconditioned material Tg value upon drying, even 
though there is some retained moisture. It was suggested that a recovery of the Tg 
combined with the irreversibility of the enhanced moisture absorption behaviour 
would be consistent with the theory of an irreversible physical relaxation of the 
network, i.e. a rearrangement of the free volume during the conditioning phase. 
Samples spiked at higher temperatures (200°C and 220°C) both showed a permanent 
change in the dry Tg. Samples spiked at 200°C showed a broadening of the relaxation 
peak, while those spiked to 220°C displayed two tan ô peaks, i.e. Tgi and Tgi. It was 
proposed that spiking above 180°C could have induced hydrolytic crosslink scission 
and hydrogen bonding of the water, especially since such temperatures exceed the wet 
Tg of the material. This would be consistent with the presence of residual moisture 
upon drying since such bonded water is difficult to remove at 50°C (the drying 
temperature employed). Using Fourier transform infrared spectroscopy, Karad (2000) 
examined the changes in the chemistry of the blend following exposure to moisture 
and spiking. From the spectra gathered, Karad suggested that with increased thermal 
spiking, the concentration of triazine rings had decreased, which is consistent with the 
idea proposed by Karad and Jones (1999) that at higher spike temperatures hydrolysis 
of the triazine had occurred in these cyanate blends. It may therefore be that at low 
spike temperatures, rearrangement of the free volume occurs, and at high spike 
temperatures relaxation and possible degradation of the polymer network takes place, 
depending on the chemistry of the matrix.
2.3.8 Effect of Thermal Spiking on Damage Accumulation and 
Mechanical Properties.
There is much evidence in the literature for a reduction in the mechanical properties of 
composites subjected to conditioning regimes which include thermal spikes. This is 
believed to be partly a consequence of absorbed moisture softening the matrix and so 
reducing its strength and stiffness. In addition, the fibre/matrix interface may be 
degraded preferentially. However the precise details of the damaging consequences of
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thermal spiking, for instance the possible formation of blisters or matrix cracks during 
spiking, are still unclear.
With regard to matrix changes during conditioning. Hough et al. (1998) proposed that 
plasticisation and hydrolysis of network chains lead to a reduction in the Tg of the 
matrix. From this perspective, reductions in properties are related to degradation in 
the polymer matrix without any microcracking occurring and, indeed, no 
microcracking was observed during conditioning in the work of Hough et al. (1998). 
Changes in the transverse flexure strength (TFS) were seen; interestingly, the lowest 
strength value was not obtained from the sample with the highest moisture content, 
implying that the TFS is not affected solely by the moisture content. It should be 
noted that, due to the nature of the TFS test (it is a bend test), the test is particularly 
sensitive to surface defects. This in itself will have some effect on the data obtained 
and what can be deduced from the data. In addition, the moduli of the samples 
obtained from these experiments were not found to change with thermal spiking. It 
was hence suggested that changes in the crosslinking density and some plasticisation 
are occurring which do not affect the modulus significantly but have some bearing on 
the strength. Hough and colleagues also showed a change in the nature of the fracture 
surface with increasing spike temperature, from matrix/fibre interface failure to matrix 
failure, which may be consistent with hydrolysis occurring at higher spike 
temperatures. With regard to damage during spiking regimes. Hough and colleagues 
reported severe blistering in the 927 laminate spiked to 200°C, but the moisture 
content was found to be lower at this temperature than in samples spiked at lower 
temperature. Blistering is a distinctly different mode of failure from intra-laminar 
matrix micro-cracking. In all the work from Sheffield (Xiang and Jones 1993, 1997, 
Karad and Jones 1999, 2002 a, b, Karad 2000) there was no evidence found of 
extensive micro-cracking following exposure to thermal spikes. Xiang and Jones 
(1997) noted minor microcracking in the outer 0° plies of a O2/9 O4/O2 laminate, and at 
the edges of the inner 90° plies of a O2/9 O8/O2 laminate spiked at 140 and 160°C. 
Overall however the damage was not considered to be extensive. It was believed that 
the changes in the moisture absorption behaviour of the composite were mainly linked 
to properties of the polymer matrix and not to the damage.
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Another view, proposed by Browning (1978), is that the combination of the moisture 
gradient in a sample as a result of conditioning together with the temperature gradient 
as a result of the spike, could lead to stresses in the specimen which cause damage. 
His work showed that samples of epoxy resin subjected to moisture and spiking 
displayed damage in the form of surface resin cracking. Collings and Stone (1985) 
proposed that damage in the form of interlaminar matrix microcracks (small blisters), 
which were apparent from ultrasonic c-scanning and microscopy of wet thermally 
spiked samples, was responsible for the measured 25% reduction of the interlaminar 
shear strength, ILS S. These tests were conducted on wet samples and hence the 
retained moisture would have contributed to any reduction in properties as well as the 
cracking. Furthermore, particles of unreacted dicyandiamide hardener, known to be 
hygroscopic, were found at the sites of damage induced by thermal spiking. It was 
postulated that these particles would be sites of high moisture concentration and on 
heating to temperatures above the boiling point of water, the water would be 
vaporised causing a pressure build up. When coupled with the reduced bond strength 
associated with the temperature approaching the glass transition temperature of the 
polymer, the pressure could cause cracking to occur in the form of delamination.
Shyprykevich and Wolter (1982) exposed samples of Hercules AS/3501-5A carbon 
fibre reinforced epoxy laminates to a thermal spiking regime and measured residual 
properties in compression. The compressive strength was reduced in the samples that 
were spiked compared to those that were not. This was attributed to the spike 
temperature, having exceeded the glass transition temperature of the matrix and 
possibly causing damage or degradation within the composite.
Pritchard and Stansfield (1987) observed blister-like cracking and a reduction in the 
mechanical properties of [(±4 5 )4] g carbon fibre reinforced polymers of three types (an 
epoxy resin, a toughened epoxy, and PEEK system), following exposure to thermal 
spiking. Cracking was confined to the inner regions of the laminate, away from the 
surfaces, and seemed to follow the ply boundaries. Pritchard and Stansfield (1987) 
suggested that, since the regions close to the surfaces would have dried out during the 
heating and hold stages of the spike, the damage occurred as the material cooled due 
to the moisture and thermal gradients associated with rapid cooling after spiking.
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It is perhaps possible to reconcile the two views as to the origin of the property 
degradation of spiked laminates. Researchers who have attributed property 
degradation to changes in the matrix have generally used less severe spiking regimes 
than those who attribute the degradation to matrix cracking. The Hough et a l (1998) 
samples only experienced 1 minute at high temperature and a total of 10 spikes. On 
the other hand, the Collings samples were at high temperature for 5 minutes and 
sustained a total of 44 spikes. Hence, it is possible that the early stages of thermal 
spiking causes enhancement of the moisture absorption behaviour of the polymer by 
free volume processes. If exposure to thermal spiking is continued, then damage may 
occur which may have some additional affect on the moisture absorption 
characteristics, if such damage occurs at all. In this case, both the increased moisture 
present and any damage which has occurred are expected to have an effect on the 
mechanical properties of the material. As already indicated Collings and Stone (1985) 
found a steady decrease in the ELSS of the laminate with increasing exposure to 
spiking; the ILSS was reduced by 25% after 24 thermal spikes.
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2.4 Conclusions
Moisture absorption by polymer composites is affected by a number of factors 
including polymer chemistry, temperature, humidity, and exposure to thermal spikes. 
In the case of thermal spiking the moisture absorption characteristics of a material are 
modified. Both the rate of absorption and the equilibrium moisture content are 
enhanced. It appears that in order for this to occur the material must contain moisture 
during the thermal spike and retain moisture upon returning to the background wet 
ageing environment. The literature suggests further that in order for thermal spiking 
to enhance the saturation moisture content, the sample needs to be spiked while it 
contains a moisture gradient rather than when saturated: spiking a saturated sample 
has little effect. In a sample which is not saturated, the surface of the material will 
contain more moisture than at its centre, so that a moisture profile is created across its 
thickness. When the sample is spiked, the moisture profile will change since the 
moisture near the surface will diffuse to the atmosphere as the sample dries. The 
moisture within the sample will be driven towards the centre, due to the driving force 
created by the concentration gradient within the material. The overall moisture 
content may be lower following spiking but the moisture content at the centre of the 
sample will higher. It can be seen therefore that exposure to warm moist conditions 
with intermittent spikes would encourage rapid moisture absorption. This line of 
argument does not, however, explain the enhanced saturation moisture content.
For most studies, samples have been maintained at the spike temperature for 
approximately 5 min. It has been demonstrated in the literature that the greater time 
of exposure to the spike temperature, the lower the enhancement of the moisture 
absorption. In addition it has been shown that increasing the spike temperature, up to 
a critical temperature, can result in a greater enhancement of the moisture absorption 
characteristics. Beyond the critical spike temperature the enhancement is reduced. If 
the spike temperature is around, or above, the wet Tg of the matrix the moisture 
absorption may be reduced below that of an isothermally aged material. In addition, 
the enhancement of the moisture absorption characteristics of the spiked material has 
been shown to be a non-reversible, permanent effect. Dry samples that have shown an
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elevated saturation level, following exposure to thermal spiking, will return to their 
enhanced moisture content after drying and isothermal reconditioning. Moreover, 
upon drying, spiked materials retain a level of residual absorbed moisture.
The mechanism of enhanced moisture absorption is not entirely understood. In some 
cases microcracking was found in samples of thermally spiked material; however, this 
was not always the case. Also, while damage may influence the rate of absorption, it 
is not obvious why the saturation level should be affected. Most of the literature 
suggests that upon spiking the material, especially near its Tg, redistribution of free 
volume sites occurs. During spiking, moisture present from the isothermal aging may 
be encouraged to occupy these newly available free volume sites, leaving vacant the 
sites that they had occupied. Upon cooling the moisture becomes locked into the 
matrix at these sites. Further moisture is absorbed when the material is returned to the 
warm moist conditions. The hypothesis concerning the redistribution of fi*ee volume 
seems also to satisfy the other thermal spike related observations, such as residual 
moisture upon drying and irreversibility of the raised saturation level. The exact 
mechanisms involved are likely to be dependent upon the chemistry of the polymer.
Few thermal spike studies have looked at high temperature systems. The aim of this 
work is to examine the behaviour of T650-35/Avimid R, a high temperature carbon 
fibre reinforced polyimide material, under thermal spiking conditions and to 
investigate whether the results are consistent with the current understanding of the 
effects of thermal spiking.
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2.5 Figures
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Figure 2.1: Element o f volume (Crank 1975).
Figure 2.2: Physical description of a three dimensional sample.
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Figure 2.3: Graph of moisture content versus the square root of time for unidirectional 
T300/1034 laminate (Shen and Springer 1976).
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Figure 2.4: Moisture absorption for [0]g laminates exposed to constant hygrothermal 
conditions, thermal spiking and, dry spiking (Collings and Stone 1985).
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Figure 2.5: Through thickness distribution of moisture in the three stage accelerated ageing 
program (Collings and Copley 1983).
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Figure 2.6: Absorption behaviour o f thermally spiked T300/5208 CFRP samples after drying 
(McKague et al. 1975).
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2.6 Tables
Resin Moo% %RH
Base epoxy resin (924E) 6.4 96
PES modified epoxy (924) 5.05 96
Bismaleimide modified epoxy (5245) 1.97 96
Cyanate ester modified (Arocyl 10/DEN 431) 1.8 96
Cyanate epoxy ester (Arocyl 10) 2.4 96
Isophthalic unsaturated polyester resin 1.6 100
Orthophthalic unsaturated polyester resin 2.0 100
Table 2.1: Typical equilibrium moisture concentrations (M oo% ) in matrix resins at 50°C 
(Hough and Jones 1997, Jones 1998, Karad 2000).
Property Applied stress, percentage of the UTS
0 (unstressed) 25 45 65
Diffusion coefficient 
X (10'‘W s '‘)
1.95 3.86 3.70 11.67
Equilibrium moisture content (wt%) 1.75 1.60 1.65 1.75
e 2.2: Moisture diffusion properties for S ^313 laminate under external stress at 60°C
(Gillat and Broutman 1978).
Samples Tg (°C) Moisture content (wt%)
Dry 135 0
Saturated, 75°C 108 3.18
Saturated, 45°C 88 3.63
Table 2.3: Glass transition temperatures for saturated samples o f DGEBA/T i)TA (Apicella et
a l  1979) evaluated using Clash-Berg torsional stiffness apparatus up to 175°C.
Stage Time (days) Relative humidity (%RH)
1 0-302 96
2 302 - 323 15
3 232 - 344 59
Table 2.4: Three stage accelerated ageing at 60°C (Collings and Copley 1983).
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Thickness (mm) 20°C 
59 %RH
60°C
59 %RH
60°C 
70 %RH
60°C 
96 %RH
3-stage 
accelerated 
ageing
2 736 144 39 17.5 29
5 4580 896 240 109 187
7 8960 1760 470 213 344
Table 2.5: Time taken (in days) to age carbon fibre reinforced polymer laminate to 1.06 wt% 
moisture content, where service life =9125 days (Collings and Copley 1983).
Spiking Temperature (°C) Spiking Time (min)
100 3.0
120 3.5
140 4.0
160 4.5
Table 2.6: Thermal spiking programmes (Xiang and Jones 1993).
Thermal spike temperature (°C) 5245C (wt %) 927 (wt %) 924 (wt %)
50°C and 96%RH (Non-spiked) 0.82 0.94 1.72
100 0.87 1.03 2.37
120 1.26 1.19 2.84
140 1.98 1.34 2.98
160 1.50 1.44 2.88
180 - 1.38 2.43
200 - 1.32 2.08
Table 2.7: Moisture content of samples spiked at different temperatures after exposure to 22 
spikes (Hough et al. 1998).
Table 2.8: T  
2002 a, b).
Spike Temperature 
(°C)
Spike time (min)
Spike I ts Spike n ts Spike m ts
120 4 1 6 3 8 5
140 4.5 1 6.75 3 9 5
160 5 1 7.5 3 10 5
180 5.5 1 8.25 3 11 5
200 6 1 9 3 12 5
220 6.5 1 9.75 3 13 5
Tree different thermal spike-programs used to spike resin samples (Karad et al.
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Spike temperature 
CC)
Final moisture concentration (wt%)
Spike I, ts = 1 min Spike n, ts = 3 min Spike m , ts = 5 min
Non-spiked 2.73 2.73 2.73
120 3.06 2.98 2.70
140 3.44 3.11 2.98
160 3.58 3.24 3.03
180 3.60 3.25 3.05
200 3.44 3.11 2.91
220 3.09 3.00 2.79
Table 2,9: Moisture concentrations for resin samples, after 2000 h o f conditioning at 96 %RH 
& 50°C, and 17 thermal spikes using three different spike-programs given in table 8, (Karad 
et al. 2002 a, b).
Spike Temperature 
(°C)
Residual weight (wt%)
Arocyl 10 A/D (70:30) A/D (50:50) A/D (30:70)
Non-spiked/50 0.23 (±0.018) 0.11 (±0.007) 0.21 (±0.014) 0.035 (±0.001)
120 0.33 (±0.009) 0.16 (±0.004) 0.27 (±0.028) 0.068 (±0.002)
140 0.41 (±0.007) 0.22 (±0.002) 0.31 (±0.023) 0.074 (±0.006)
160 0.52 (±0.007) 0.31 (±0.021) 0.33 (±0.005) 0.093 (±0.023)
180 0.63 (±0.014) 0.45 (±0.014) 0.37 (±0.015) 0.095 (±0.014)
Table 2.10: Residual weight in Arocyl 10 (A)/ DEN 431 ( 9) resin samples, conditioned at 96
%RH, and intermittently spiked to between 120 and 180°C (Karad and Jones 1999).
Resin Residual water (wt%)
Immersed at 
45°C, 
then dried at 
60°C
Immersed at 
60°C, 
then dried at 
60°C
Immersed at 
75°C, 
then dried at 
60°C
Immersed at 
90°C, 
then dried at 
60°C
TGDDM ± 
DDS
0.29 0.32 0.34 0.44
DGEBA ± 
mPDA
0.11 0.18 0.20 0.25
Fiberite934 0.27 0.30 0.33 0.39
Table 2.11 : The amount o f retained moisture in three water-saturated epoxies after desorption 
at 60°C for 1450 h (Zhou and Lucas 1999 a).
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Spiking Temperature 
CC)
Diffusion coefficient, Dc 
10'  ^(mm^ s'^)
Non-spiked 4.46
100 4.36
120 4.35
140 3.72
160 2.66
Table 2.12: Moisture diffusion coefficients from desorption (Xiang and Jones 1993).
Spiking
Temperature
CC)
Peak Temperature (°C)
Low Peak High Peak
Dry - 220
Non-Spiked 173.5 205
100 172 205
120 157 198
140 146 200
160 124 200
Table 2.13: Peak temperatures on the tan ô curves for Oie laminates conditioned at 45°C and 
96 %RH and spiked at different temperatures (Xiang and Jones 1997).
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3 Materials, Methods and Development of 
Conditioning Methodology
3.1 Introduction
This chapter describes the materials and procedures used in the current project and the 
results of preliminary experiments during which test procedures were established. 
Panels of T800/924 were manufactured at the university. Specimens of this material 
were sectioned, mounted, and polished for light microscopy. Subsequent samples 
were used to develop the moisture conditioning protocol and the data were a 
benchmark against which the Avimid® R could be compared at a later stage.
Panels of T650-35/Avimid® R (supplied courtesy of Rolls Royce pic) were exposed to 
isothermal conditions to establish the time required to reach maximum moisture 
content, which assisted in planning of the main experimental program. Based on 
these preliminary results, the main experimental program involving the assessment of 
T650-35/Avimid® R was defined and is outlined in this chapter. This included an 
isothermal aging regime, two spiking conditions, and a spike profile representative of 
a service environment. Procedures for drying and spiking after ageing are also 
explained.
Following the account of moisture conditioning experiments, the remainder of the 
chapter describes the methodology for the various post conditioning experiments 
including Tg measurement, organic spectroscopy and mechanical characterisation.
54
3.2 Materials
3.2.1 T800/924
The material utilised in preliminary work to develop the experimental techniques was 
T800/924, consisting of Torayca® T800 fibres embedded in a Ciba Composites Ltd 
Fibredux® 924 epoxy resin. Extensive work by Bond (1996) into the moisture 
absorption characteristics of this material provided a benchmark for comparison while 
developing experimental methods for moisture conditioning in the present study. A 
1.06 mm thick laminate of [0]g lay-up was manufactured at the university from 
prepreg material, as described below.
Eight layers of prepreg (dimensions 500 x 300 mm) were cut from a larger roll. Once 
orientated correctly and stacked, the lay-up was put through a mangle to press the 
layers together prior to consolidation. A pressclave was employed to consolidate the 
composite. Cure was achieved by a cycle which involved increasing the temperature 
at 6°C per min to 180°C, followed by holding at 180°C for 2 hours. The process was 
conducted under vacuum. In addition a pressure of 4 bar was applied to the laminate 
during the curing cycle to aid consolidation. Following the cure the laminate was 
allowed to cool overnight.
f
Samples of dimensions 50 x 50 mm (and 1.06 mm thick) were subsequently cut from 
the manufactured sheet using a diamond wheel, ready for drying prior to conditioning 
in a moist environment.
Figures 3.1 and 3.2 show longitudinal edge cross sections of as-manufactured [0]g 
T800/924 parallel to the fibre direction (see Section 3.4 for preparation for polishing 
and microscopy). There are matrix rich regions visible within the laminate. Note that 
there is some contrast between the mounting resin which appears dark grey either side 
of the specimen, and the laminate matrix which appears light grey. The fibres are 
white.
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A view of the transverse edge section as-manufactured [0]g T800/924 laminate 
perpendicular to the fibre direction is pictured in Figures 3.3 and 3.4. Note that there 
are some slight discontinuities apparent between the plies in Figure 3.3.
3.2.2 T650-35/Avimid® R
3.2.2.1 Materials Detail
Rolls Royce Pic supplied several lay-ups of a high temperature carbon fibre system 
comprising high tensile strength Amoco T650-35 carbon fibres (Sampe 1998) 
embedded in a Cytec Avimid® R polyimide resin (Cytec 2001 a, b).
The general structure of an aromatic imide monomer is illustrated in Figure 3.5. The 
aromatic imide is defined by the two carbonyl functional groups either side of the 
nitrogen, attached to an aromatic ring. There are many methods for synthesising 
polyimides (Brydson 1989, Wilson et a l 1990, Kroschwitz 1991); the classic method 
involves a tetracarboxylic acid being added to a solution of diamine and is known as 
the two-step method (Figure 3.6).
Avimid® R, developed by Du Pont, is classified as a condensation polyimide. Since 
Avimid® R, has a high glass transition temperature, 305°C (Cytec 2001 a, b), and 
good wet and dry service capabilities, it is regarded as highly suitable for aerospace 
applications. In addition Avimid® R has good thermal oxidative stability, excellent 
resistance to aircraft fluids, and is tough relative to other matrix resins; a Gic of 1.1 
kJ/m^ is given for the neat resin (Cytec 2001 a, b). The Amoco T650-35 carbon fibre 
fabric used for the woven laminate in this study was a 3K, 8-hamess satin (Cytec 2001 
a, b, Lewin 2002, Stuart 2002). The unidirectional panels were manufactured from 
tape prepreg, by combining fibres with a film of Avimid® R which was cast separately 
(Lewin 2002). Manufacture of the fabric prepreg involves running the fabric through 
a bath of Avimid® R in a solvent and the solvent is removed subsequently (Lewin 
2002). Autoclave moulding was used to make panels in both unidirectional and
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woven materials. Both of the woven panels were stacked symmetrically. The details 
of the autoclave process cycle are as follows (Connolly 1997, Cytec 2001 a, b):
Initial vacuum pressure of 127 mm Hg.
Heat to 250°C at a rate of 0.69°C/min, increasing the vacuum pressure to 
709 mm Hg at 220°C.
Hold at 250°C for 3 h.
Heat to 321 °C at a rate 1.1 l°C/min, at 310°C pressurise to 1.378 MPa at a rate 
of between 0.06 MPa/min and 0.14 MPa/min.
Hold at 321°C for 1 h.
Heat to 360°C at a rate 0.56°C/min.
Hold at 360°C for 3 h.
Cool down to 220°C at a rate of 0.56°C/min and at maximum rate to room 
temperature, removing vacuum and pressure once cool enough to remove from 
the autoclave.
The total cycle time was approximately 18.2 h. The laminates supplied by Rolls 
Royce pic were:
(1) Unidirectional material: [0]i6 lay-up with thickness of approximately 2.28 mm
(2) Woven material: [0/90]4 lay-up with thickness of approximately 1.39 mm.
(3) Woven material: [0/90] %6 lay-up with thickness of approximately 5.91 mm
3.2.2.2 Sample sizes for environmental conditioning experiments
In order for the one dimensional solution for Pick’s second law to be applicable to a 
three dimensional sample, the effect of the moisture uptake through the specimen 
edges needs to be negligible (Blikstad et a l 1984). This can be achieved by reducing 
the ratio of the edge area to the face area less than 4 % (Bond 1996). Hence to nullify 
edge diffusion effects the sample dimensions were chosen to meet this condition 
except for the thickest laminate where this was not practical. In the case of the of the 
16-layer woven the size required to ensure that edge effects are negated would be too
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large to fît into a moisture cabinet. In addition the need to have numerous samples for 
a significant average to be obtained meant that a smaller sample size had to be 
employed. Samples of dimensions 50 x 50 mm were cut from the 4-layer and 16-layer 
woven laminates, and 100 x 100 mm from the [0]i6 and 4-layer woven laminates.
Five samples of each were used to obtain weight change data. Once cut the samples 
were dried at 50°C. Two different sample sizes were assessed from the 4-layer woven 
material, i.e. 50 x 50 mm and 100 x 100 mm, enabling a comparison of the diffusion 
coefficient determined from two different sample sizes to be made.
Figures 3 .7 -3 .10  show photomicrographs of the sections from materials used. Again 
the mounting resin appears dark grey while the laminate matrix is a lighter grey, and 
the fibres are white. Figure 3.7 shows a longitudinal edge section of as-received [0]i6 
T650-35/Avimid® R, parallel to the fibre direction. Some resin rich areas are visible 
in the as-received material. Figure 3.8 shows a higher magnification of the matrix 
rich region.
Figure 3.9 shows a transverse section of [0]i6 T650-35/Avimid® R. There is a pattern 
of curved resin rich regions across the sample which is probably a consequence of the 
manufacturing route. A magnified section of Figure 3.9, highlighting these matrix 
rich areas is shown in Figure 3.10.
A polished section of as-received [0/90]4 T650-35Avimid® R (woven fibre 
reinforcement) shows fibre tows in the 0° and 90° directions and matrix rich areas, 
Figure 3.11. Figure 3.12 shows a magnified image of a section from Figure 3.11, 
illustrating matrix rich regions between the fibre tows.
In Figure 3.13, a cross section of the [0/90] i6 T650-35/Avimid® R woven fabric 
composite is seen. In both Figures 3.11 and 3.13, voids are visible within the woven 
laminate, some in the tows and other larger ones in the matrix rich regions. The voids 
appear black.
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3.3 Conditioning experiments -  Development of 
methodology and test environments
3.3.1 Initial Drying
Prior to all moisture conditioning experiments, material that was to be utilised for 
these procedures was dried. This removal of water from the materials was essential so 
that measurements of the moisture uptake could be made on a dry sample.
Initially a room temperature enclosed system with phosphorus pentoxide (P2O5) was 
used for the drying, since phosphorus pentoxide is a powerful drying agent. However, 
this approach proved to be very slow. Hence, an air-circulating oven at 50°C with no 
drying agent was preferred. This change in experimental procedure was developed 
during the preliminary testing of the T800/924 material.
In some experiments the drying temperature was further increased to 70°C, for the 
purposes of increasing the drying rate. In all cases, the drying regime used is stated. 
Drying was continued until no significant further weight loss was observed. The 
weight of the samples was measured using a A&D HA-202M balance, which has a 
resolution of 0.1 mg and an uncertainty of 0.01 mg (ASTM D 5229/D 5229M-92 - 
1999).
3.3.2 Conditioning Environment
Conditioning of specimens was carried out as follows. Dry specimens were placed 
into a sealed environmental chamber, which was in turn placed into an air-circulating 
oven. Figure 3.14 shows a schematic of the layout of the environmental chamber in 
which the samples were conditioned. The humidity was maintained by the use of a 
saturated solution of potassium sulphate, which was placed into a sealed glass 
container with the specimens. The humidity was monitored using a hygrometer.
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The theoretical moisture environment generated by a potassium sulphate solution is 
96 %RH at 50°C (O’Brien 1948, Dean 1985, Shugar and Dean 1989), but initial 
testing showed that a maximum value of 85 %RH could be obtained at this 
temperature. It is believed that the state of the saturated salt solution was partially to 
blame for the reduced relative humidity. Ideally the solution should be spread over a 
large part of the glass cabinet, but this was not practical here. The environment of 85 
%RH was constant and sustainable over long periods of time. However, subsequent 
improvements in the conditioning chamber, which were made during the initial 
conditioning of the T800/924 samples (for example, the use of a silicone sealing gel 
and pressure applied to the chamber lid), resulted in 96 %RH for all subsequent 
testing.
For the majority of experiments, one glass container lacked sufficient space for the 
large number of samples necessary. Hence, two glass boxes were utilised for the 
majority of experiments. The possibility of differences between the relative humidity 
in these boxes was considered. In order to prevent such differences, the cabinets were 
joined by means of a plastic tube in order to equilibrate their relative humidity. 
Another issue in the development of the moisture conditioning experiments was to 
minimise the effects of break in the seal in one or both boxes. Hygrometers were 
placed in both to monitor changes in the humidity. It was noted that if  one box 
experienced a seal break both boxes did not dry out. Initially, the solutions would dry 
out in the box where the seal break occured. As the solution dries, moisture from the 
samples starts to desorb so the hygrometer in this cabinet still read a high value. With 
time the samples dry and the solution contained in the other box starts to dry. Hence 
it was possible that samples in one box would show a drop in the moisture absorption 
while samples in the connected box would not. By keeping vigilant, it was possible to 
keep these seal breaks to a minimum. However, due to the nature of these 
experiments, which require many hours of conditioning, it was impossible to eradicate 
the possibility of seal breaks completely.
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3.3.3 Measurement of moisture absorption
Following drying, the dry weight (W d )  of the samples was recorded. Once placed in 
the environmental chamber, the sample weight was recorded as a function of exposure 
time (W(t)) at these conditions. Prior to weighing a specimen removed from the 
chamber, the surface moisture of the specimen was removed with a tissue so that only 
the mass increase due to absorbed moisture was measured, not moisture on the surface 
of the specimen. For each moisture condition, four to five samples were exposed 
allowing an average moisture content of the samples (M(t)) to be calculated at each 
time interval as a weight percentage of the dry weight.
The average moisture content is then plotted against the square root of time.
3.3.4 Initial experiments using [0]g T800/924
As mentioned earlier, the experiments on T800/924 were helpful in determining the 
methodology for all subsequent tests and hence the experiments are described here in 
some detail. Ten samples of T800/924 were dried using the phosphorus pentoxide 
drying agent. The samples were placed into the moisture cabinet and monitored for 
mass increase at regular intervals. Five of the samples were aged isothermally. The 
other five samples were exposed to regular thermal spiking (140°C for 5 minutes at 
intervals of 3 to 4 days). The average weight gain of the five samples is plotted 
against the square root of time for these ageing and spiking regimes in Figure 3.15.
As expected, the non-spiked data are essentially consistent with second law Fickian 
behaviour, in that the mass increases reasonably linearly with root time until 
equilibrium is approached. A marked increase is seen in the rate of moisture 
absorption of the spiked samples compared to the non-spiked samples. Moreover, the 
shape of the moisture uptake curve is similar to those reported in the literature (Figure 
2.04). At two points during the exposure of the specimens, i.e. after 18 Vh {i.e. 324 h)
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and 25 Vh, the moisture content decreases for some time before increasing again; this 
was traced to a break in the seal between the box and the lid. Following these 
incidents, the conditioning process was reviewed and improved by putting weights on 
top of the box and using a silicone sealing gel, as indicated in the previous section.
Following these tests the samples were dried, initially using P2O5 at ambient 
temperature and then at 50°C (without P2O5) in an oven. The effect of the change of 
drying regime (at about 46 Vh in Figure 3.16) can be clearly seen since drying at 50°C 
produced a faster reduction in the moisture content. An important difference was 
noted in the moisture loss between the spiked and non-spiked specimens. The non- 
spiked material dried to a weight which showed a loss relative to its initial weight; this 
suggested that the initial drying before conditioning had not been carried out for long 
enough to dry the samples entirely. Hence, the importance of thorough drying of 
samples prior to conditioning was highlighted.
Further experiments on the T800/924 material demonstrated that reconditioning might 
require investigation. Both spiked and non-spiked samples were reconditioned at 96 
%RH and 50°C, but this time without any spiking. Figure 3.17 shows that the spiked 
samples absorb a greater amount of moisture on reconditioning, compared to the non- 
spiked samples (interestingly, while the rate of moisture absorption was not the same 
for both spiked and non-spiked samples, they both appear to reach equilibrium 
moisture content after about the same exposure time). Both reconditioned spiked and 
non-spiked specimens demonstrate a steady moisture uptake with saturation after 
approximately 15 Vh. Once again, the effect of a break in the seal of the box can be 
seen, at VI8 h (Figure 3.17). Reassuringly, the effect on the moisture uptake is only 
minor.
3.3.5 Conditioning programme for the [0]i6 T650-35/Avimid® R  
material
Preliminary moisture uptake experiments at constant temperature and humidity were 
conducted on the [0]i6 Avimid® R material. The purpose of these experiments was
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mainly to determine baseline data for the material, the rate of moisture absorption, the 
maximum moisture content, and the time to saturation in order to assist in planning 
the main experimental programme. Once the baseline data was determined, a set of 
four exposure regimes were identified.
Figure 3.18 shows the basic moisture absorption characteristics of [0]i6 T650- 
3 5/Avimid® R. The moisture absorption behaviour of the [0]i6 T650-35/Avimid® R 
samples is apparently Fickian, with a reduction in the rate of absorption with time and 
saturation occurring after approximately Vl8 h. The maximum moisture content is 
about 0 .8  wt%, in contrast with an epoxy resin based composite which reaches an 
apparent moisture content of 1.5 wt% (McKague et a l 1975).
Following these initial experiments, four exposure regimes were identified for 
investigation; these are shown schematically in Figure 3.19. The first condition 
(Series 1) was an isothermal moisture condition since it provides a benchmark for the 
moisture absorption behaviour of Avimid® R (50°C and 96%RH). The second 
condition (Series 2) represents a thermal spike regime where the spike temperature 
(220°C) is below the wet Tg of Avimid® R (approximately 305°C; Cytec 2001 a, b). 
The third regime chosen (Series 3) also represents a thermal spike regime, but this 
spike has a higher temperature than that of Series 2 , and (275°C) is just below the wet 
Tg of Avimid® R. The fourth regime (Series 4) was designed to be representative of a 
service condition; this regime has the thermal spike temperature of Series 2  {le. 
220°C), but is then followed by an hour at a lower temperature (140°C) before 
returning to the warm moist environment (50°C and 96 %RH). The exposure regimes 
are summarised in Table 3.1. Samples were weighed at regular intervals. Spiked 
samples were weighed before and after each spike.
In addition to these four basic exposure regimes, additional experiments were also 
carried out. All samples were dried at 100°C and once dry, all samples were exposed 
to the isothermal condition (Series 1) until saturation was reached. The samples were 
weighed at regular intervals and the average moisture content determined as a function 
of time.
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During the progress of the experimental program on the T650-35/Avimid® R material, 
it was observed that some samples exposed to spiking showed physical damage in the 
form of blistering. Samples spiked at 275°C showed such damage after they had first 
demonstrated enhanced moisture absorption. This observation led to additional 
spiking experiments on saturated samples in order to investigate the phenomenon in 
more detail. Undamaged saturated samples (of dimensions 100 x 100 mm) were 
sectioned into four specimens, each nominally 50 x 50 mm, and exposed to a single 
spike. Each sample was spiked at a different temperature allowing a range of 
temperatures to be assessed. The single spike temperature used in these experiments 
was between 230°C and 300°C, at 10°C intervals. The temperature at which 
blistering occurred with exposure to only one spike could therefore be found.
3.4 Microscopy
In order to characterise both the as-received material and to observe damage in the 
various conditioned and singly spiked samples, reflected light microscopy was carried 
out.
Specimens were first sectioned to the size required for mounting using a water-cooled 
diamond saw. Prior to mounting, the samples were towel dried. Specimens were 
mounted in a commercial mounting resin, Epofix (Struers), and left overnight at room 
temperature to cure. The mixture was fifteen parts epoxy resin to two parts hardener. 
Mounting allowed for easy handling and facilitated the production of a good polished 
surface for microscopy.
Some of the specimens exposed to spiking had large blisters with associated gaps in 
the laminate and so care was taken when mounting to try to fill the hole with the 
mounting resin. To achieve this, the sample was immersed in the resin on its side and 
placed in an evacuating chamber to draw out the air from the holes, hence allowing 
the resin to flow into the gaps easily.
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It was then necessary to grind and polish the surface of the mounted specimens. Table
3.2 shows the grinding and polishing procedure followed for all the samples. Between 
each stage the surface of the specimens was cleaned with cotton wool and water, and 
the specimens were immersed in an ultrasonic hath to remove polishing debris.
Microscopy of the mounted samples was carried out using an Axiophot microscope in 
reflectance mode and photographs were taken using an Axiocam digital camera. To 
ensure that the mounted specimen remained fixed, a piece of plasticine was placed 
underneath it, and the whole arrangement was clamped flat onto a microscope slide.
3.5 Dynamic Mechanical Thermal Analysis
Dynamic mechanical thermal analysis (DMTA) was conducted on a Polymer 
Laboratories Mark II analyser and the results were collected on a PC running Polymer 
Laboratories DMTA software (V.5.1). The instrument was located at Rolls Royce pic 
in Derby, where experiments were carried out by the author in collaboration with 
Colin Stuart and Sharon Byett.
The equipment employs a small frame three-point bend rig into which the viscoelastic 
polymer sample is placed (Figure 3.20). The sample is subjected to a sinusoidally 
varying displacement via the central arm, at a fixed frequency. For an elastic material 
obeying Hooke’s law the strain would vary with the stress. However, for a 
viscoelastic material the strain lags somewhat behind the stress (e.g. during creep). 
Hence, if a sinusoidal stress is applied to a viscoelastic material the associated strain 
varies in a similar sinusoidal manner, hut out of phase with stress. This phase lag is a 
result of time required for molecular rearrangements and relaxation phenomena. The 
analysis software can determine the loss tangent, tan 6 , by comparing the phase angle 
between the drive signal and the actual response of the driven arm. The loss tangent is 
the damping in the system or energy loss per cycle. The stress can be resolved into 
components, one in phase with the strain and another 7i/2 out of phase with the strain. 
These stresses can be divided by the strain to provide the real (in phase) and imaginary 
(out of phase) moduli. The real modulus measures the amount of stored energy
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and hence is called the storage modulus. The imaginary modulus measures the 
amount of energy lost and so is called the loss modulus. The loss tangent, tan ô, is the 
ratio of the real modulus to the imaginary modulus. Tan 8 , E  ^and E^  are dependent 
on the chemical structure of the polymer, and hence can be used to detect changes 
which occur at the glass transition temperature (Young and Lovell 1991).
The sample dimensions utilised were 75 x 10 mm, with the specimen cut at 45° to 
fibre direction (Figure 3.20). All DMTA samples were dried at 100°C prior to testing. 
The displacement frequency was set at 1 Hz and the specimen was heated to 350°C at 
a rate of 5°C/min. The variations in damping angle (tan ô) and storage modulus (Log 
E^) were recorded against temperature.
3.6 Thermal Strain Measurement
It has been shown (Parvizi 1978, Jones et al. 1981,1983) that the thermal strain, e J ,
developed in the longitudinal direction within the transverse ply in a symmetric 
(0°/90°/0°) cross-ply laminate which is cooled from a temperature Ti to a lower 
temperature T2, is given to a good approximation by
.  E , b ( a , - a , X T , - T j  
”  (E,b  + E .d )
where, Ei, Et, ai and at are the Young’s modulus parallel and perpendicular to the 
fibres and the linear thermal expansion coefficients in the 0° and 90° directions, 
respectively. The 0 ° and 90° ply thicknesses are h and d respectively. The 
temperature at which strain first develops in the laminate (T%) is dependent on the cure 
characteristics of the polymer matrix. The temperature at which e J  is measured is T2.
Equation (3.2) is actually not entirely correct and omits certain terms. These terms are 
negligible, however, and so the strain may be written in the form shown without 
significant error (Mulheron 1984).
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In most cases (Ot-Qii) and (T1-T 2) are not known and need to be determined. This 
problem can be overcome by the use of the method of Bailey et al. (1979) based on an 
unsymmetric cross ply laminate with a (0°/90°) configuration. The mismatch between 
the coefficients of thermal expansion of the two plies causes a thin beam specimen of 
this laminate to curve upon cooling fi*om an elevated temperature, much like the 
behaviour of a bimetallic strip. The relationship between ((%-0 !|), (T1-T 2) and the 
radius of curvature, R, for a such a strip was derived by Timonshenko (1925) and is 
given by.
(b+d)  r (E,b^+E,d^)] f 1  ^ 1 
2 6 (b + d) J [E |b  E,d
(3.3)
where R is the radius of curvature of the beam.
Equation (3.3) can be simplified, when b = d, to.
(«t -  XTj -  T2 ) -
12R
. ^  + 14 + L
E, E,
(3.4)
Hence by measuring the value of R at some temperature T2 and using known values of 
h, d, El and Et it is possible to calculate the term (c4- 0 !i) (T1-T 2) using either Equation 
(3.3) or (3.4). Substituting this value into Equation (3.2), the thermal strain in the 
transverse ply can be obtained (thermal strains in other directions/plies can be derived 
in addition). Several workers (Jones et al. 1981, 1983, Mulheron 1984, Jacobs et al. 
1991) have monitored the curvature of unbalanced laminates and deduced information 
regarding the thermal strains. The advantages of this technique are that it is very 
simple and accounts for any stress relaxations occurring during the cooling process, 
while eliminating the need to determine 0 !|, (%, and Ti explicitly
Measurement of the thermal strains was carried out in the present work using 
unbalanced laminate beams of dimensions 2 0 0  mm by 1 0  mm, cut from sheets of 
[O4/9 O4] T650-35/Avimid® R laminate supplied by Rolls Royce pic. The specimens.
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once cut, were placed on a flat steel plate where the maximum displacement, ô, from 
the flat surface was measured using a Mitutoyo digital calliper gauge to an accuracy of 
0.01 mm. The cord length, 2x, between two points of contact of the curved specimen 
and the steel plate was measured to an accuracy of 0.5 mm using a steel rule. The 
radius of curvature, R, of the specimen can be calculated using Equation (3.5).
R = 5"+x"
26
(3.5)
The digital calliper was also used to measure the specimen thickness at five separate 
positions along the length of the specimen, using the average for calculations. The 
longitudinal and transverse ply thicknesses, b and d, were calculated from the 
thickness measurement, since it was seen with the use of reflected light microscopy 
that b and d were equal. Tensile testing, as described in Section 3.8.1, yielded values 
for El and Et. Using the values of E], Et, R and b (since b = d) the thermal strain in the 
transverse ply could be calculated using Equations (3.2), (3.4) and (3.5).
The derivation of Equation (3.3) by Timonshenko (1925) makes a number of 
assumptions to simplify the analysis and it was deemed necessary to check if  these 
assumptions can be applied to a composite beam. A circle of the calculated specimen 
radius of curvature was constructed on paper so that the specimen could be placed 
upon it to ensure that the shape of the beam was that of an arc of the circle. In all 
cases good agreement was found. Timonshenko also assumes that the beam width, w, 
is relatively small compared to its length, L, so that forces perpendicular to the length 
could he considered as negligible and hence do not affect measured values of 6 . As w 
approaches L, the beam becomes a plate and on cooling it would be expected to adopt 
a saddle-shape due to anisotropic coefficients of thermal expansion of the individual 
plies. The as-received laminate plates of Avimid® R did indeed take up a saddle- 
shape in accordance with previous workers, e.g. Hyer (1981).
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3.7 Organic Spectroscopy
The possibility that exposure to thermal spiking may cause chemical changes in the 
Avimid® R matrix suggested that spectroscopic analysis could usefully be carried out 
to determine whether changes had occurred. Initially, Raman spectroscopy was 
attempted, but due no useful results could be obtained because of fluorescence. 
Infrared spectroscopy was subsequently tried instead.
When analysing a sample in reflectance, infrared (IR) spectroscopy involves directing 
a beam of infrared light, the part of the electromagnetic spectrum between the visible 
and the microwave regions, at a sample of material and investigating the reflected 
spectrum. For the purposes of organic chemistry the portion of the spectrum of 
greatest practical use is between 4000 and 400 cm"\ Even a simple molecule will 
display a complex, but characteristic, spectrum. It is therefore possible to match the 
spectrum of an unknown compound with that of a well-characterised sample, since it 
is highly unlikely that any two dissimilar compounds give exactly the same IR 
spectrum.
While the IR spectrum of an entire molecule is characteristic, certain groups of atoms 
give rise to hands at or near the same frequency regardless of the structure of the 
whole. Such information permits the use of infrared spectroscopy to obtain structural 
information of an unknown material by inspection and reference to generalized charts 
of characteristic group frequencies (Bellamy 1964, Dyer 1965, Lambert et a l 1987, 
Shriner et a l 1998, Silverstein and Webster 1998, Herman 2002).
The infrared radiation is absorbed and converted by an organic molecule into energy 
of molecular vibration. These vibrational spectra appear as bands rather than lines 
since they are usually accompanied by a number of rotational bands. For the purposes 
of this work, the hand positions in the IR spectra are presented as wavenumbers, the 
units of which are the reciprocal of centimetres (cm'^). Band intensities can be 
expressed either as transmittance (T) or absorbance (A). Transmittance is the ratio of
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the power transmitted by a sample to the incident power on the sample. Absorbance 
is the logarithm of the reciprocal of the transmittance, i.e. A = logio (1/T).
There are two types of molecular vibrations: stretching and bending. Rhythmic 
movement along the bond axis (e.g. scissoring) such that the interatomic distance is 
increasing and decreasing is a stretching vibration. By contrast, a change in the bond 
angle between bonds with a common atom is a bending vibration. Bending vibrations 
may also be the movement of a group of atoms with respect to the whole molecule, 
without movement of the atoms in the group relative to each other. Only those 
vibrations that result in a rhythmical change in the dipole moment of the molecule are 
detected by IR spectroscopy.
Attenuated total reflectance (ATR) infrared spectroscopy involves directing the beam 
of IR radiation into a diamond. Owing to the total internal reflection the beam passes 
back out of the diamond to the detector. IR light striking an interface between two 
transparent semi-infinite media of different refractive indices will be partially 
reflected and partially transmitted. Hence, if  the diamond is embedded into a sample 
a fraction of a wavelength penetrates beyond the reflecting surface. This is related to 
the difference in' the refractive index between the diamond and the sample if  the 
sample has a smaller refractive index. Figure 3.21 (Lambert et al. 1987), and the wave 
penetrating the rarer medium is called the “evanescent” wave (Harrick 1967). The 
depth of penetration is proportional to the frequency of the evanescent wave and 
decreases as the angle of incidence increases.
If the rarer material absorbs infrared radiation, then the penetrating radiation field can 
interact with the sample by means of an absorbing mechanism to produce an 
attenuation of the total (internal) reflection (Davies 1963, Potts 1963, Rao 1963, 
Kendal 1966, Hair 1967, Harrick 1967, Longhurst 1967, Lothian 1969, Banwell 1983, 
Lambert et al. 1987, Hollas 1993, Perkampus 1993, Banwell and McCash 1994). 
Specific frequencies of the IR spectrum will interact with specific functional groups of 
the molecular structure; hence the attenuated signal can be used to distinguish the 
functional groups present in the sample. Diamond attenuated total reflectance (ATR)
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is a simple, non-destructive form of infrared spectroscopy and was used in this work. 
Figure 3.22 (Lambert et al. 1987) shows the arrangement of the spectrometer.
Scans were conducted over a wave number range of 4000 to 500 cm'^ on a Perkin 
Elmer 2000 ATR spectrometer, located in the Department of Chemistry at the 
University of Surrey.
3.8 Mechanical Properties
3.8.1 Tensile testing
In order to obtain basic tensile mechanical properties such as the Youngs’ moduli, Ei 
and Et, as well as the Poisson’s ratios, v %2 and V21, simple tensile tests were carried 
out.
Unidirectional specimens, both as-received and moisture conditioned, were cut to 
samples 100 mm x 15 mm x 2 mm and loaded in tension. These sample dimensions 
ensured not only was both a sensible ratio of gauge length to width achieved, but also 
that several samples could he harvested from a single plaque of the conditioned 
material. Before testing, at 20 mm of each side at each end of the strip were abraded 
using grit paper and cleaned with a methanol wipe prior to end-tagging. Aluminium 
end tags, 20 mm x 1 mm x 15 mm, were cut using a guillotine and placed in a beaker 
of sodium dichromate and concentrated sulphuric acid solution for 30 minutes to etch 
the surface to remove contamination and produce a good surface for adhesive 
bonding. The beaker was immersed in a water hath held at 65°C. Samples were 
washed under cold water to remove the acid, followed by oven drying. The end tags 
were bonded to the strips of CFRP using Scotch Weld adhesive from 3M, a two- 
component adhesive, coded DP490. To prevent movement during the overnight cure, 
the bonded specimens were held in place using brass weights.
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Strain gauges were attached to the samples hoth parallel and perpendicular to the load 
direction. They were positioned centrally and attached with cyanoacrylate adhesive to 
an ahraded and cleaned site.
Initial tensile testing utilised an Instron 1196 tensile testing machine with a 100 kN 
load cell at a crosshead speed of 0.5 mm per minute. Later testing used an Instron 
5500R tensile testing rig with a 100 kN load cell at a cross-head speed of 0.5 mm per 
minute. Two types of samples, with fibres orientated parallel or perpendicular to the 
load direction, were tested to failure.
3.8.2 Compact Tension
One test method for measuring intralaminar toughness is to use a pre-cracked 
unidirectional composite coupon with a fibre orientation at 90° to the applied load 
(Knott 1973, Kinloch and Young 1983, Prickett 2000). ASTM D-5045-96 (1999) 
describes a coupon geometry for such a test; the compact tension specimen geometry 
is shown in Figure 3.23. The test allows both the mode I critical stress intensity 
factor, Kic, and the mode I strain energy release rate, Gic, to be measured.
Samples of both as-received and moisture-conditioned material were tested. Holes 
were drilled using a diamond tipped drill bit. As stated in ASTM D-5045-96 (1999) 
standard for the compact tension test, the depth of the natural crack generated by 
tapping must be at least twice as long as the notch tip radius. All notches, from which 
cracks could be introduced, were made using an electric fret saw fitted with a fresh 0.5 
mm piercing saw blade.
The introduction of a sharp crack was achieved by tapping a fresh razor blade into the 
notch tip. In order to help ensure that the crack did not extend further than required, 
the specimens were placed edge-wise into a vice, so that part of the specimen was 
under compression which present crack development completely across the specimen 
(Figure 3.25). The crack length was measured by inspecting the specimen using light 
microscopy.
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The material plaques used in these tests were 100 x 100 mm and the compact tension 
coupons cut from these plaques were 50 mm x 50 mm. Considerable effort was 
expended in perfecting the compact tension tests. In particular, pre-cracking 
unidirectional specimens proved very difficult with high wastage rates due to fracture 
of specimens during drilling, notching and precracking. However, it was eventually 
possible to achieve fracture toughness values with respectable standard deviations (an 
error of about 2  % of the mean was achieved.
Figure 3.26 shows the revised dimensions, in accordance with ASTM D-5045-96 
(1999), used for all compact tension samples mention hereafter.
The maximum load ( P q )  that the specimen can sustain prior to crack propagation is 
used directly to calculate the mode I fracture toughness (Kic) of the material. The 
fracture toughness is given by.
K,c = P q ^ 
BW'
f(x) (3.6)
where P q  is the peak load to fracture, B is the thickness, W is the width, and f(x) is a 
ftmction of the ratio of crack length to coupon width, values of which are found 
tabulated in the standard. To find the mode I strain energy release rate (Gic), a 
method that takes account of a displacement correction for the loading pin 
penetration, sample compression and sample compliance has to be used. With this 
method, unnotched samples are first loaded in tension, but not to failure, in order that 
a corrected displacement could be obtained during the subsequent fracture tests; this 
approach leads to a corrected energy term (see later). The strain energy release rate is 
given by.
H_ 
BWÿG .c = ^  (3 7)
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where U is the corrected energy term (see below), B is the thickness, W is the coupon 
width, ([) is a function of the ratio of crack length to the coupon width, values of which 
are found tabulated in the standard.
Tests were carried out in accordance with the standard using a screw-driven quasi­
static Instron (5500R) at crosshead speeds of 0.1 mm/min. Each sample was loaded in 
tension prior to being notched and cracked. The load displacement curves obtained 
were used to correct the load displacement curves obtained from loading notched and 
pre-cracked samples. To record the displacement an extensometer was placed onto 
the edge of the sample across the crack. A gauge length of 12 mm was chosen so that 
the blades of the extensometer were positioned as close to the holes where the load 
was being applied. The corrected energy term (U), needed to calculate the Gic, was 
measured from the difference in the areas of the load-displacement graphs for pre- 
cracked and un-notched specimens. This term is given by:
[Uq - u J (3.8)
where U is the corrected energy, P q  is the peak load and u q  and ui are the 
displacements for the fracture (and initial) unnotched tests, respectively (see Figure 
3.24). In practice, notched specimens are loaded to failure to find the value of P q . 
Then unnothced specimens are loaded to the same value of P q  s o  that the 
corresponding load-displacement curve can be found. The values of the corrected 
energy term, from Equation (3.8) were substituted into Equation (3.7) to calculate Gjc.
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3.9 Concluding remarks
In this chapter, the processing and characterisation of T800/924 and T650- 
35/Avimid® R CFRP laminates, have been described.
The development of the experimental program, achieved by carrying out 
environmental conditioning to gather some benchmark data, has been detailed. The 
main environmental conditioning experimental program for this work has been 
outlined, accompanied by an explanation for the choice of the four schedules. The 
method of data analysis has been presented
In addition the procedures used for the microscopy of samples and determination of 
chemical and physical properties have been outlined.
In the next chapter the data relating to the response of T650-35/Avimid® R to the 
various environmental treatments are presented.
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3.10 Figures
WMk:
Figure 3.1; Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from an as-manufactured and dried [0]g T800/924 CFRP laminate; size 
bar 150 pm.
Figure 3.2: Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from an as-manufactured and dried [0]g T800/924 CFRP laminate; size 
bar 1 0 0  pm.
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Figure 3.3: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from an as-manufactured and dried [0]g T800/924 CFRP 
laminate; size bar 150 pm. Slight resin rich regions between the plies are apparent.
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Figure 3.4: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from an as-manufactured and dried [0]g T800/924 CFRP 
laminate; size bar 100 pm.
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Figure 3.5: General chemical structure of an aromatic imide monomer (Wilson et al. 1990).
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Figure 3.6; Two-step method for polyimide synthesis (Wilson et al 1990).
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Figure 3.7: Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from an as-received and dried [0]i6 T650 Avimid® R CFRP laminate; 
size bar 250 pm.
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Figure 3.8: Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from an as-received and dried [O],^  T650-35/Avimid® R CFRP laminate; 
size bar 100 pm.
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Figure 3.9: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from an as-received and dried [0]i6 T650-35/Avimid® R 
CFRP laminate; size bar 250 pm.
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Figure 3.10: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from an as-received and dried [0]i6 T650-35/Avimid® R 
CFRP laminate; size bar 100 pm.
Figure 3.11: Reflected light photomicrograph of a polished section from an as-received and 
dried four layer woven fabric T650-35/Avimid® R CFRP laminate; size bar 250 pm.
1 -  Voids.
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Figure 3,12: Reflected light photomicrograph of a polished section from an as-received and 
dried four layer woven fabric T650-35/Avimid® R CFRP laminate; size bar 100 pm.
4
Figure 3.13: Reflected light photomicrograph of a polished section from an as-received and 
dried sixteen layer woven fabric T650-35/Avimid® R CFRP laminate; size bar 500 pm.
1 - Voids.
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Lid Seal (silicon rubber!
Rubber seal
Glass Lid (removable)
Hygrometer
Glass chamber
Samples mounted in stainless steel wire mesh rack
Saturated salt solution in glass beaker
Figure 3.14: Schematic of environmental conditioning chamber.
Moisture content versus square root time for [O]» T800/924 (50 x 50 mm)
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50°C and 96 %RH (non-spiked) ■ Spiked at 140°C
Figure 3.15: Moisture uptake o f spiked and non-spiked panels o f the [0]g T800/924 CFRP 
laminate; sample dimensions 50 x 50 mm.
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Moisture content vereus square root time for [Olg T800/924 (50 x 50 nun)
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Figure 3.16: Average drying profiles spiked and non-spiked panels o f the [0]g T800/924 
CFRP laminate; sample dimensions 50 x 50 mm.
Moisture content versus square root time for [OJs T800/924 (50 x 50 mm) reconditioned
2.0
3
s
5  0.5I
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Square root time (Vh)
Reconditioned non-spiked Reconditioned spiked
Figure 3.17: Moisture uptake o f panels o f the [0]g T800/924 CFRP laminate under isothermal 
reconditioning.
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MoKture content versus square root time for 
[0],6 Avimkl®R(100 x 100 mm)
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Figure 3.18: Moisture uptake of isothermally aged panels o f the [0]i6 T650-35/Avimid" R 
CFRP laminate.
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Figure 3.19: Moisture conditioning environments for the T650-35/Avimid® R CFPR 
laminate.
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Dual cantileverEnclosed in the heating apparatus
V
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Fibres at 45 °
Figure 3.20: Schematic sample dimensions and arrangement o f the sample holder used for 
dynamic mechanical thermal analysis (Turi 1981, Hatakeyama and Quinn 1999, Haines 
2002).
w i t h  r e f r a c t i v e  i n d e x  
( d e n s e r  r a a t e r i a l )
Figure 3.21 : The path o f a ray o f light in total internal reflection used for attenuated total 
reflectance. The light penetrates a fraction of a wavelength (d) beyond the reflecting surface 
into the rarer medium (Lambert et al. 1987).
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Figure 3.22: Arrangement for obtaining an internal reflection spectrum by using diamond 
attenuated total reflectance facility located in the Department of Chemistry at the University 
of Surrey (Lambert et al. 1987).
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W
Figure 3.23: Compact tension specimen dimensions dictated by ASTM D-5045-96 (1999).
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Figure 3.24: a) Schematic of Load-displacement behaviour for unnotched sample, 
b) Schematic of Load-displacement behaviour in fracture test (notched sample and pre- 
cracked).
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Figure 3.25: Schematic showing a compact tension specimen under compression in a bench 
mounted vice while crack is initiated. Compression prevents crack from propagating beyond 
the required crack length.
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Figure 3.26: Compact tension sample geometry used in the present study.
3.11 Tables
Environmental Regime Moisture, Temperature and Spike 
Conditions
Series 1 50°C and 96 %RH
Series 2 Spiked at 220°C for 5 min
1 Series 3 Spiked at 275°C for 5 min
Series 4 Spiked at 220°C for 5 min, then held at 
140°C for 1 h
Table 3.1: Moisture conditioning environments for the T650-35/Avimid R material.
Paper Grade Time (mins) Speed (RPM) Pressure (N) Lubricant
SiC 320 Until plane 300 90 Water
SiC 500 2 300 90 Water
SiC 1200 2 300 90 Water
SiC 2400 1 300 90 Water
SiC 4000 1 300 90 Water
Diamond 6 pm 3 150 90 Red (water based)
Diamond 1 pm 3 150 90 Red (water based)
Table 3.2: Grinding and polishing procedure for the preparation of samp es for microscopy.
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4 Moisture Absorption Behaviour Under 
Isothermal and Thermal spiking conditions
4.1 Introduction
As stated in Chapter 3, initial work carried out on T800/924 and the unidirectional 
lay-up of T650-35/Avimid® R led to improvements in the procedure for the moisture 
absorption experiments. In this chapter results from the main series of experiments to 
investigate the moisture absorption behaviour of T650-35/Avimid® R are presented.
Included in the work are the effects of the four moisture conditioning regimes on the 
moisture absorption characteristics of T650-35/Avimid® R and associated phenomena 
such as blistering. The chapter then addresses the drying and subsequent isothermal 
reconditioning of the T650-35/Avimid® R samples. The discussion examines both 
residual moisture following drying, and the irreversible increased saturation level.
This is followed by a consideration of the effects of changing the frequency of 
spiking, and single spiking of saturated samples to investigate any link between the 
moisture content and spike temperature on the onset of blistering
Finally, this chapter describes efforts made to model both the moisture content 
histories and the cross-section moisture profiles for the four moisture regimes. In 
addition various hypotheses are formulated regarding the mechanisms of the moisture 
absorption behaviour of the T650-35/Avimid® R when exposed to thermal spiking.
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4.2 Moisture absorption behaviour under the various 
thermal regimes
4.2.1 Moisture absorption and blistering in unidirectional material
Figure 4.1 shows the moisture content (wt%) against the square root time (Vh) for the 
unidirectional [0]i6 T650-35/Avimid® R samples subjected to the four moisture 
regimes introduced in Section 3.3.5. For these tests, the specimens were of 
dimensions 100 x 100 mm. The isothermally aged material (Series 1) absorbs 
moisture rapidly initially before reaching an apparent equilibrium maximum moisture 
of just under 0.8 wt%. Material spiked at 220°C (Series 2) shows enhanced 
absorption characteristics, compared to the non-spiked (isothermally aged) material 
for the whole experiment, reaching a final moisture content of 1.1 wt%. The material 
spiked at 275°C (Series 3) seems initially to show enhanced absorption, compared 
with both the panels exposed to Series 1 and Series 2 moisture conditioning, peaking 
at 0.88 wt% moisture. After 22.5 yfi however, having reached a moisture content of 
0.88 wt%, there is a sharp drop in the moisture content of the Series 3 material. At 
this point it was also observed visually that the material had blistered. Closer 
examination of the Series 2 material data also shows a drop in moisture, this occurs at 
35 having reached a moisture content of LI wt%, which was also accompanied 
for some specimens by blistering. The material spiked at 220°C, then held at 140°C 
for 1 h (Series 4), showed no enhanced absorption of moisture compared to the non­
spiked material and no blistering.
Figure 4.2 shows a specimen of [0]i6 T650-35/Avimid® R which has blistered upon 
exposure to Series 3 moisture conditioning. These blisters, which appear on the 
surface as bumps in the material, are elongated with the longer axis following the 
direction of the fibres. The Series 2 samples that showed blistering seemed to be less 
severely blistered and the blistering was observed only around the edges of the 
samples.
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Specimens which had blistered were sectioned to reveal the through-thickness extent 
of blistering. Figure 4.3 shows such a cross section of [0]i6 T650-35/Avimid® R with 
the cross-section parallel to the fibre direction; the specimens had been exposed to 
Series 3 moisture conditioning. In this and similar photomicrographs, the dark grey 
regions are the regions of the mounting resin, the lighter grey is the matrix resin, and 
the white areas are the fibres. When embedding the blistered material in mounting 
resin, attempts were made to fill the blister with resin so that polishing of the sample 
without introducing further damage was facilitated. In Figure 4.3, the mounting resin 
can be seen on both sides of the sample; within the sample there are lenticular blisters 
which have been filled with the mounting resin so that the filled blisters have the 
same shade of grey as seen on either side of the sample. Also visible are the normal 
matrix rich regions, lighter grey, among the fibres. Voids, which appear black within 
the blistered region, are probably due to inadequate filling of the blisters with the 
mounting resin. Figure 4.4 shows a severely blistered region of [0]i6 T650- 
35/Avimid® R after exposure to the Series 3 moisture conditioning. In both Figures 
4.3 and 4.4 and in other sections no pattern is visible in the size and distribution of the 
blisters across the thickness. In other words, the blisters do not develop preferentially 
at any location within the specimens.
Figure 4.5 and 4.6 show cross sections of blistered [0]i6 T650-35/Avimid® R, 
perpendicular to the fibre direction following exposure to Series 3 moisture 
conditioning. Again, attempts were made to fill the blisters with mounting resin. In 
both Figures 4.5 and 4.6 the blisters are visible as irregular lenticular regions filled 
with the mounting resin. Most of the blisters are filled with mounting resin while 
others are not. However, filled or otherwise the shape of the blisters is irregular, 
although on closer inspection it appears to follow the interface of the layers of the 
stacked plies (See Figures 3.9 and 3.11).
Figure 4.7 shows a similar cross section of [0]i6 T650-35/Avimid® R, perpendicular 
to the fibre direction, exposed to Series 2 moisture conditions. Like the Series 3 
material, the Series 2 material also blistered and the features seen were very similar to 
those found in the Series 3 material. For all images shown, blistering seems to be in 
the central 2/3 of the thickness.
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4.2.2 Moisture absorption and blistering in woven material
Moisture absorption data for woven samples of [0/90]4s stacked T650-35/Avimid R, 
of dimensions are shown in Figure 4.8. In general, the trends of the behaviour are the 
same as for the unidirectional [0 ]i6 material. Note that during the period of 30 - 35 Vh 
it was not possible to carry out spiking of the material.
The Series 1 material absorbs moisture rapidly initially before reaching an apparent 
equilibrium maximum moisture content of just over 0.8 wt%. The Series 2 material 
shows enhanced absorption characteristics for the whole experiment finally reaching 
1.1 wt%, although a slight drop in moisture occurred at 38 which was 
accompanied by blistering at the edges of the material. The Series 3 material seems 
initially to show enhanced absorption, compared to both the Series 1 and Series 2 
samples, reaching almost 1.2 wt %. After 24.5 yfi and having reached a moisture 
content of 1.18 wt%, however, there is a sharp drop in the moisture content of the 
material and it was observed that the material had blistered at this time. The Series 4 
material showed no enhanced absorption of moisture compared to the Series 1 
material until 30 Vh. After the period of non-spiking the Series 4 samples absorbed 
more moisture than the Series 1 samples. The samples were allowed to dwell at 50°C 
and 96 %RH, absorbing moisture without the interruptions provided by spiking. The 
continued exposure to the isothermal conditions enabled the samples to reach their 
saturation level. Once the spiking was resumed the equilibrium level was reduced 
slightly.
In Figure 4.9, a thickness cross-section of the 4-layer woven T650-35/Avimid® R, 
exposed to Series 3 moisture conditioning is shown. The material has blistered, and 
the mounting resin is again shown as dark grey, whereas the lighter grey and white 
regions are matrix and fibres respectively. The lenticular blisters appear either dark 
grey, if  filled with mounting resin, or black, if not completely filled. The grey region 
labelled “central blister” in Figure 4.9 seems to have formed between the layers of 
fabric and is larger than the blisters away from the centre. Within the matrix rich 
regions, polishing defects which are black and circular in shape, are visible.
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Figure 4.10 shows a thickness cross section of a 4-layer Avimid® R specimen exposed 
to Series 2 moisture conditions which has blistered. The features seen here match 
those found in the material exposed to, and blistered at, 275°C. The contrast between 
the matrix resin and the mounting resin here shows more clearly the areas where the 
blisters occur and the areas of polishing damage.
Figure 4.11 displays further data for the 4-layer woven T650-35/Avimid® R (for this 
data set, the sample size was 50 x 50 mm). The trends seen for the larger (100 x 100 
mm) samples of the 4-layer woven T650-35/Avimid R are present here, although the 
moisture contents reached are different. The Series 1 samples reached an equilibrium 
moisture content of 0.79 wt%, compared to 0.83 wt% for the 100 x 100 mm samples 
of the same laminate configuration. The Series 2 material peaked at a moisture 
content of 1.23 wt%, with a slight drop in the moisture content at 40 yfi accompanied 
by blistering. The Series 3 material showed an enhanced moisture absorption 
compared to both those of Series 1 and 2 , but again at approximately 24.5 Vh a sharp 
drop in the moisture content was observed which was accompanied by the blistering 
of the specimens. The Series 4 material showed an enhanced absorption of moisture 
compared to the Series 1 material, and equilibrated at a moisture content of 
approximately 1 wt%. The increase in the moisture absorption behaviour of the 
Series 4 material, in both Figures 4.8 and 4.11, was thought to be due to the period in 
the experiment between 30 and 35 Vh, where spiking could not be carried out.
Figure 4.12 shows a thickness cross-section of the 4-layer woven T650-35/Avimid®
R, 50 X 50 mm, which was exposed to Series 3 moisture conditioning and which has 
blistered. As in Figure 4.9, a large central blister is visible which has delaminated the 
woven layers, with smaller blisters also present in the laminate. More signs of 
polishing defects in the matrix are visible.
In Figure 4.13, data for the woven samples of [0/90]%6s stacked T650-35/Avimid R 
(sample size of 50 x 50 mm) are shown. Again, there was a break in the experimental 
program where spiking could not be carried out between 30 -  35 Vh but also between
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47.5 and 56 Vh. During this period although no spiking took place, the samples were 
maintained at 50°C and 96 %RH.
A feature of the data shown for Series 1 and 3 in Figure 4.13 is that at 45.7 Vh a break 
occurred in the seal of the moisture cabinet. However the reason that the seal break 
only affected these two sets of samples is that they were contained in a separate 
environmental chamber (see Section 3.3.2) to the Series 2 and 4 samples. 
Unfortunately on this rare occasion the break in the seal in one of the containers was 
not observed in time to prevent the moisture loss observed. The rest of the 
experiment, however, continued without incident.
The general trends are the same as those of the other data presented so far, although 
the overall moisture contents for the 16-layer woven composites are lower (the time to 
equilibrium will be longer, than for the laminates of lower thickness. The Series 1 
material here reached a moisture content of 0.63 wt% after a period of 60 Vh. 
Enhanced moisture absorption was observed in the Series 2 material, which reached a 
peak of 0.83 wt%, but no blistering or drop in moisture was observed. The Series 3 
material showed enhanced moisture absorption compared to both the Series 1 and 2 
materials, until approximately 43 Vh when the Series 3 samples blistered, coinciding 
with of a slight drop in the moisture content. Finally the Series 4 specimens showed 
no enhancement in their moisture absorption compared to the Series 1 material.
Figure 4.14 shows a thickness cross section of the 16-layer woven T650-35/Avimid® 
R, 50 X 50 mm specimen dimensions, exposed to Series 3 moisture conditioning. 
Severe blistering is present across the thickness in this sample (some blistering close 
to the surface) along with signs of polishing damage.
Considering all the data on moisture content and spiking temperature it is possible to 
see a pattern in relation to when blistering occurs. Table 4.1 suggests that the higher 
the moisture content, the lower the spiking temperature required for blistering to 
occur. This is also shown in the [0]i6 T650-35/Avimid® R. The single spiking 
experiments described in section 4.6 explore this phenomenon further. Furthermore, 
it is possible that the exposure to the Series 3 spike, as well as causing blistering, also
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causes a chemical change in the matrix. This change could be the origin of the 
polishing defects seen in resin rich regions of blistered samples of both unidirectional 
and woven material exposed to this regime. These polishing defects were not seen in 
the polished as received or the Series 1 material.
4.3 Drying
Following exposure to moisture conditioning, samples were dried to remove the 
moisture absorbed. The results of these desorption experiments are detailed in this 
section.
Figure 4.15 shows the drying of the unidirectional [0]i6 T650-35/Avimid® R samples. 
Initially, drying of the saturated material was conducted at 50°C to obtain desorption 
data. However after small moisture contents (0 .1  to 0.3 wt % at ~ 41 Vh) were 
reached, the rate of drying was considered to be too slow, and the temperature was 
increased to 100°C. It is important to note that drying at 50°C shows a residual 
moisture content upon drying. This residual moisture content may point to a 
mechanism for the enhanced moisture absorption (see Section 2.3.5). It is also 
important to note that even after a more rigorous drying there seems still to be 
residual moisture in the Series 2 and 4 samples.
In Figures 4.16 and 4.17, data for the drying of the 4-layer woven T650-35/Avimid® 
R samples, with dimensions 100 x 100 mm and 50 x 50 mm respectively, are shown. 
The samples were dried at 50°C until an equilibrium level was reached to obtain 
desorption data, followed by drying at 1 0 0 °C (after 37 Vh). In both Figure 4.16 and 
4.17, all the samples show residual moisture content following drying at 50°C, and 
the Series 2 and 4 samples retain a higher degree of moisture that the Series 1 and 3. 
The final moisture content of the Series 1 and 3 samples was lower than that recorded 
prior to any moisture conditioning. An explanation for this may be non-thorough 
drying prior to conditioning. However, since drying of the material carried out prior 
to moisture condition was conducted at 70°C, this seems unlikely to be the case. One 
further possible explanation for the weight loss could be that, during thermal spiking 
may have been some loss of volatiles from the matrix polymer of the specimens.
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Note that this is not necessarily inconsistent with the drying behaviour of the 
unidirectional material as the processing routes (and associated chemistry) were 
significantly different for the two material types.
4.4 Reconditioning
In this section the results of the investigations concerning the isothermal 
reconditioning of unidirectional and woven samples that had first been exposed to the 
four conditioning regimes and then dried, are presented.
4.4.1 Reconditioning of unidirectional material
The data in Figure 4.1 showed the response of the unidirectional [0]i6 T650- 
35/Avimid® R samples to the four conditioning regimes. These specimens were dried 
(Figure 4.11) and then were reconditioned at 96 %RH and 50°C. Figure 4.18 shows 
the moisture absorption with time during the reconditioning while Figures 4.19 to 
4.22 enable reconditioning data to be corresponding conditioning data. Figure 4.19 
shows that there is no change in the absorption characteristics of the Series 1 material. 
The original Series 1 data more or less superimpose onto the reconditioned Series 1 
data. Both sets of data reach an equilibrium value of approximately 0.8 wt%, albeit at 
slightly different rates. The corresponding figure for the Series 2 material (Figure 
4.20) shows that for, both the initial spiking regime and the isothermal reconditioning 
the material reaches a maximum moisture content of approximately 1 wt% and the 
rate of absorption is very similar in the two cases. The Series 3 material (Figure 4.21) 
reaches a higher final moisture content when reconditioned than was achieved during 
the original spiking. However, Figure 4.18 shows that this enhanced value is not 
significantly higher than that of the Series 1 material. The behaviour of the Series 4 
material can be seen in Figure 4.22. There is an increase of 0.2 wt% moisture 
between the original and the subsequent isothermal conditioning. These results are 
discussed later (section 4.6.3).
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4.4.2 Reconditioning of woven material
The woven material was reconditioned after drying under isothermal conditions in the 
same way as the unidirectional material and the results for all the specimens are 
shown in Figure 4.23. Again there is no change in the absorption characteristics of 
the Series 1 material. However, in all other cases the reconditioned samples show 
modified moisture absorption characteristics as a result of the spiking, with similar 
overall trends to the unidirectional material.
Figures 4.24 -  4.27 show direct comparisons between the data gathered from the 
original conditioning of each series with the reconditioned data of that series. Figure 
4.24 shows the original Series 1 data superimposed onto the reconditioned Series 1 
data. Both sets of data reach an equilibrium value of approximately 0.8 wt%, but at 
slightly different rates. Data from the Series 2 material (Figure 4.25) show that, in 
both cases the material reaches a moisture content of approximately 1 wt% and the 
rate of absorption is very closely matched in both cases. The Series 3 material 
reaches the same final moisture content, when reconditioned (Figure 4.26) and this 
value is the same as the Series 1 material (see Figure 4.23). The behaviour of the 
Series 4 material can be seen in Figure 4.27. There is an increase of 0.2 wt% moisture 
between the original equilibrium level and the level during the subsequent isothermal 
reconditioning. That is to say, the maximum moisture content achieved by the Series 
4 material upon spiking disregarding the two points at 35 and 42.5 just prior to 
which spiking was not conducted.
Figure 4.28 shows the subsequent moisture absorption with time of the woven [0/90]4s 
stacked T650-35/Avimid® R, specimen dimensions 50 x 50 mm. At 29 Vh a break in 
the seal was observed which explains the moisture reduction of all samples at the 
time. After repairing the break, the samples recovered the original trend for moisture 
uptake. Again there was no change in the absorption characteristics of the Series 1 
material. However, in all other cases the reconditioned samples show similar 
moisture absorption characteristics as a result of the spiking, to those shown by the 
unidirectional material and the large woven samples. The blistered Series 3 material 
matches the absorption of the non-spiked material, but absorbs moisture initially at a
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higher rate. Both the Series 2 and the Series 4 material show permanent enhanced 
moisture absorption. In fact the Series 2 and the Series 4 material seem to follow 
almost the same moisture profiles. This is the same pattern as seen with the 
reconditioning of the panels of 16-layer unidirectional material, Figure 4.18. Figures 
4.29 -  4.32 show a direct comparison between the data gathered from the original 
conditioning of each series with the reconditioned data of that series, for the 4-layer 
woven 50 X 50 mm material. The same patterns that were seen with the larger 
samples were observed for these specimens.
4.5 Varying of the frequency of thermal spikes
Following the conditioning experiments using the unidirectional [0]i6 T650- 
35/Avimid® R in (Figure 4.1), work was conducted to determine the effect of spiking 
frequency. In particular, the blistering of the material when exposed to Series 3 
(spiked at 275°C for 5 min) moisture conditioning, needed to be verified as a 
repeatable phenomenon. In order to observe the blistering phenomenon, a set of 
samples was subjected to the Series 3 environmental conditions. In addition, 
experiments were designed to observe the effect of varying the spiking frequency on 
the onset of blistering.
Figure 4.33 shows data obtained from a set of samples exposed to Series 3 moisture 
conditioning in order to observe the onset of blistering. The sudden drop in the 
moisture absorption that accompanies blistering, described earlier in Section 4.2.1, 
can be seen at 2 0  Vh. In general, five samples are used for such an experiment in 
order to obtain the average weight increase with time. The data in Figure 4.33 was 
obtained from an average of three samples. In Figure 4.34 the Series 3 data from 
Figure 4.1 have been superimposed onto the data from Figure 4.33. Although both 
sets of data show a sudden drop in the moisture content after approximately the same 
number of spikes and the same period of time, there is some difference in the moisture 
content at the point of blistering between the two sets of data. Although the spike 
temperature and spike time were nominally indistinguishable, the regimes that two 
sets of samples experienced were not identical.
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In Section 4.2.1 it was observed that during a period of time when the specimens were 
allowed to dwell at 50°C and 96 %RH the samples reached a higher level of moisture 
content. These results suggested that varying the frequency of thermal spikes might 
affect the rate of moisture absorption and hence the onset of blistering. Further 
testing varying the frequency of the thermal spikes was therefore carried out.
Samples of unidirectional [0]i6 T650-35/Avimid® R were exposed to spiking at 
275°C. However, one set was spiked daily, the second set every three days and the 
final set every ten days. Figure 4.35 shows the data and the observations are 
summarised in Table 4.2. Although the time at which each set of sample blistered 
was different, on closer analysis of the restrictions imposed by each of the spiking 
regime the difference was not so great. For instance, the samples spiked at 10 day 
intervals blistered following exposure to one spike, and could not have blistered 
sooner. The samples all blistered with a moisture content of about 0.3 to 0.4 wt%. 
There was a slight difference in the moisture content and time at which blistering 
occurs comparison with the data from Figure 4.1, but the regimes were not identical. 
In addition the data in Figure 4.1 are an average moisture content for five samples, 
while the data in Figure 4.35 represent an average from four samples. Though it is 
believed that it is unlikely to be much difference between 4 samples and 5 samples. 
Hence it is concluded from these experiments that, adjusting the frequency of thermal 
spiking does not seem to affect the onset of blistering. The scope of the experiments 
conducted here cannot resolves such effects.
Work by Collings and Copley (1983) involved modelling the distribution of moisture 
across a samples thickness as the relative humidity is changed but the temperature 
remains constant. If applied to thermal spiking, these slightly different moisture 
distributions will be produced by different spiking frequencies and this might be 
expected to affect when the onset of blistering occurs. Therefore, the local moisture 
content across within the material may be high enough to encourage blistering; even 
though the total moisture content in the panel is low.
1 0 0
4.6 Single spiking
4.6.1 Introduction
In this section, the effect of varying the spiking temperature on blistering is 
considered. Samples of 100 x 100 mm of different materials which had been 
isothermally aged or thermally spiked but had not blistered, were sectioned into four 
specimens of approximately 50 x 50 mm. Each specimen was exposed to a single 
thermal spike for 5 min; for each specimen the spike temperature varied in the range 
between 230 and 300°C at 10°C increments. Hence, the effect of spiking temperature 
could be assessed for a specific moisture content. A similar set of experiments was 
carried out on samples with a higher moisture content. The purpose of these 
experiments was to observe the effect of both moisture content and spiking 
temperature on the likelihood of blistering.
Once the samples had been thermally spiked, they were inspected for signs of 
blistering. The appearance of any bumps in the surface of a spiked sample, noticeable 
to the naked eye, would indicate that blistering had occurred. However, in some cases 
small blisters may be present which do not disturb the smoothness of the panel surface 
due to their small size. Hence, all samples exposed to single spikes were sectioned 
for microscopic inspection so that small blisters could be detected. By conducting 
both visual analysis and microscopy of the specimens, it was possible to establish 
more precisely the minimum temperature required to blister a material with a specific 
moisture content.
In the initial experiments of this type, saturated 4-layer woven isothermally aged 
(Series 1) samples were exposed to single spikes. Later tests were carried out on 
saturated undamaged Series 2 (spiked at 220°C for 5 minutes) and Series 4 samples 
(spiked at 220°C for 5 minutes, then held at 140°C for 1 hour), of both 4-layer woven 
and unidirectional material. After their exposure to their conditioning regime 
(typically for 40 Vh), the samples were kept in an isothermal environment (at a 
temperature of 50°C and 96 %RH) until no significant increase in moisture was 
observed in order to ensure saturation of the samples prior to single spiking.
101
4.6.2 Single spiking of saturated isothermally aged woven material
Initially, 4-layer woven T650-35/Avimid® R samples, 100 x 100 mm, that had been 
isothermally aged, dried and subsequently reconditioned were subjected to a single 
spiking test. The average moisture content of these samples prior to single spiking 
was 0.8 wt%. The 100 x 100 mm samples were cut into 50 x 50 mm specimens.
Each of the specimens was exposed to a single spike at temperatures in the range of 
230°C to 300°C. The results of these experiments are summarised in Table 4.3. 
Samples spiked at temperatures in the range of 230°C and 270°C showed no sign of 
blisters. Samples spiked to temperatures between 280°C and 300°C were blistered 
severely. The blisters in the 280°C and 290°C spiked samples were larger than those 
in the material spiked at 300°C, although there were more blisters present in the 
material exposed to 300°C.
Micrographs of sections from all the samples confirmed that no blistering had 
occurred in the samples spiked at 230 °C to 260°C consistent with the visual analysis 
of the panels, which indicated no bumps in the surface of the panels. Figure 4.36 and 
4.37 show the cross section of 4-layer woven T650-35/Avimid® R which have been 
isothermally aged to saturation and then exposed to a single spike at 230°C and 270°C 
respectively. The surrounding dark grey is the mounting resin, the white areas are the 
fibres, and the light grey areas are the laminate polymer matrix (also visible in the 
Figure 4.36 are mounting clips used for holding the sample in place while the resin 
cures which appear black). For the specimens spiked at 270°C one small black region 
in the matrix between two perpendicular tows of fibres, could perhaps be evidence of 
some blistering damage. This was however the only sign of blistering found in 
samples spiked at 270°C.
Micrographs of the same material exposed to single spikes at temperatures above 
270°C are shown in Figures 4.38 to 4.40. The material shown in Figure 4.38, which 
was exposed to a single spike at 280°C, has a large central blister between the layers 
filled subsequently by the mounting resin (darker grey). Smaller blisters which are 
lenticular in shape are visible on either side of the central blister; these appear black in
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the micrograph. Round black areas are also visible which could possibly be polishing 
damage, although they are more likely to be blisters partially filled by mounting resin. 
An image of the material exposed to a single spike at 290°C is shown in Figure 4.39. 
The blisters that appear here are lenticular in shape and black as mounting resin had 
not filled, or partially filled, the blisters. Again, there is a large central blister 
between layers and smaller blisters, as for the specimen spiked at 280°C. In the 
matrix there seems to be no signs of polishing defects. These features were also 
observed for material exposed to a single spike of 300°C (Figure 4.40).
4.6.3 Single spiking of saturated Series 2 and Series 4 materials
4.6.3.1 Overview
Single spiking experiments were also carried out using material exposed to Series 2 
and Series 4 regimes prior to isothermally aging to saturation. As mentioned in 
Section 4.4, both Series 2 and 4 samples that had been reconditioned isothermally 
showed enhanced moisture absorption. In addition, it was found that when spiking 
was interrupted and specimens were allowed to dwell isothermally at 50°C and 96 
%RH the specimens then saturated at a higher moisture content than the equilibrium 
level achieved when spiking was uninterrupted. Hence, for these experiments, 
specimens which had been thermally spiked to an equilibrium moisture content but 
had not blistered were allowed to dwell at 50°C and 96 %RH until saturation was 
achieved.
4.6.3.2 Single spiking of woven material
Figure 4.41 shows moisture absorption data for 4-layer woven T650-35/Avimid® R 
specimens of dimensions 100 x 100 mm. Figure 4.42 shows moisture absorption data 
for 16-layer unidirectional T650-35/Avimid® R panels of dimensions 100 x 100 mm. 
The samples in Figures 4.41 and 4.42 have been exposed in each case to Series 2 and 
4 conditions up to about39 yfi and then allowed to dwell at 50°C and 96 %RH to 
saturation. It should be noted that the Series 2 , 16-layer unidirectional samples 
reached a moisture content of 1.1 wt% compared to the 4-layer woven samples whose
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final moisture content was 1.2 wt%. In addition, the Series 4 16-layer unidirectional 
samples reached a moisture content of 0.83 wt% compared to the 4-layer woven 
samples whose final moisture was 0.92 wt%. Hence the 4-layer woven material under 
both Series 2 and 4 conditions absorbed more moisture than the 16-layer 
unidirectional specimens. Furthermore, as stated in Section 3.2.2, the thickness of the 
16-layer unidirectional material was approximately 2.28 mm, and that of the 4-layer 
woven material approximately 1.39 mm.
Following saturation, samples were sectioned into four specimens approximate 50 x 
50 mm in size. Each of these was then exposed to a single spike. The results of these 
experiments are also summarised in Table 4.3.
Once the samples had been thermally spiked, they were inspected for signs of 
blistering. As for the isothermally aged material which was subsequently spiked, the 
appearance of any bumps in the surface of a spiked sample, noticeable to the naked 
eye, would indicate that blistering had occurred. Furthermore, all samples exposed to 
the single spikes were again sectioned for microscopic inspection so that small blisters 
could be detected.
Visual inspection and microscopic analysis of the 4-layer woven samples exposed to 
single spikes between 230°C and 300°C, following exposure to the Series 4 moisture 
regime and subsequent saturation under isothermal conditions, showed no signs of 
blistering. Figure 4.43 shows the cross section of a 4-layer woven T650-35/Avimid® 
R which has been exposed to the Series 4 moisture conditioning then allowed to reach 
saturation before exposure to a single spike at 300°C. As before, the surrounding 
dark grey regions are the mounting resin, the white areas are the fibres, and the light 
grey areas are the laminate matrix. No signs of blistering damage are apparent which 
is surprising given the behaviour of the material exposed to the Series 1 moisture 
conditions and isothermal reconditioning prior to single spiking. The single spiked 
samples that had been isothermally aged to a saturation level of 0 .8  wt% {i.e. not 
spiked), blistered when exposed to a single spike of 280°C. It is perhaps possible 
with the Series 4 specimens that the local concentration of moisture within the
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specimens may not have been sufficient to initiate a blister even when spiked to 
300°C.
Inspection of 4-layer woven Series 2 samples which had been spiked and then 
isothermally aged before being exposed to single spikes between 230°C and 260°C 
showed no signs of blistering. However, the same specimens single spiked at 270°C 
and 300°C showed the characteristic surface bumps associated with blistering. The 
blisters observed on the surface of the samples exposed to a single spike of 300°C 
were more abundant than those found in the 270°C single spike samples.
Surprisingly, no sign of blistering damage was found in specimens exposed to single 
spikes of 280 and 290°C.
Figure 4.44 shows the cross section of 4-layer woven T650-35/Avimid® R which has 
been exposed to the Series 2 moisture conditioning then allowed to saturate 
isothermally before exposure to a single spike at 260°C. No blistering is evident. 
Figure 4.45 shows a large central blister, mostly filled by mounting resin, in a similar 
specimen exposed to a single spike at 270°C. Several smaller blisters are also present 
but are not filled by mounting resin and appear black. Polishing defects also appear in 
the matrix regions. However, in the samples exposed to single spikes at 280°C and 
290°C, no blistering is visible. Figure 4.46 shows an example of a specimen spiked at 
290°C which is undamaged. A sample exposed to a single spike at 300°C, Figure 
4.47, shows severe blistering damage.
On comparing the samples single spiked after (Series 1) isothermal conditioning to a 
moisture content of 0.8 wt% to those exposed to Series 2 moisture conditioning (1.2 
wt%), it appears that the Series 2 material blisters at a lower single spike temperature. 
This could be a result of the enhanced moisture content of the Series 2 material.
4.6.3.3 Single spiking of unidirectional material
We now consider the results from similar experiments, carried out on unidirectional 
material. Series 4 [0]i6 samples which had been spiked and then isothermally aged to 
saturation showed no signs of blistering when specimens were exposed to single
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spikes between 230°C and 270°C. Specimens exposed to single spiked between 280 
and 300°C showed blistering. The blisters observed in samples exposed to 300°C 
were smaller and more abundant than those found in the samples exposed to a single 
spike at 280 and 290°C.
Figures 4.48 - 4.50 show sections of [0]i6 Avimid® R exposed to the Series 4 moisture 
conditioning, allowed to saturate at 50°C and 96 %RH and then exposed to a single 
spike. In Figure 4.48 the single spike temperature was 240°C; although the visual 
analysis of the specimen showed no signs of blistering, microscopy of the sample 
revealed that blisters (appearing as black lenticular areas in the figure) were present. 
Within the polished specimens shown in Figures 4.48 - 4.50, there were also blisters 
partially filled with mounting resin. Figure 4.49 shows a specimen single spiked at 
250°C; no blistering is visible. Both Figures 4.48 and 4.49 are sections parallel to the 
fibre direction. Blistering was noted in the samples single spiked at higher 
temperatures. Figure 4.50 shows, for example, a section perpendicular to the fibre 
direction of the specimen exposed to a single spike at 300°C. Large lenticular blisters 
are seen here, some filled with mounting resin and appearing dark grey, others that are 
not filled and appear black.
Visual inspection of Series 2 [0]i6 samples, again allowed to saturate at 50°C and 96 
%RH and then exposed to single spikes between 230°C and 260°C showed no signs 
of blistering. Specimens single spiked between 270°C and 300°C showed blistering. 
The blisters observed in samples exposed to 300°C were smaller and more abundant 
than those found in the samples exposed to a single spike at 270°C, 280°C and 290°C. 
Figure 4.51 to 4.53 show micrographs of [0]i6 Avimid® R exposed to the Series 2 
moisture conditioning then allowed to saturate at 50°C and 96 %RH before being 
exposed to a single spike. Although when examining the specimens visually, no signs 
of blistering were noted in specimens exposed to the lower temperature single 
spiking, all of the samples showed blistering under the microscope. A section of a 
specimen, perpendicular to the fibre direction single spiked at 230°C, is shown in 
Figure 4.51. A blister partially filled with mounting resin is seen close to the centre of 
the thickness. Figures 4.52 and 4.53 show a specimen single spiked at 300°C both 
perpendicular and parallel to the fibre direction, respectively. In both views, there are
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very large blisters present. Figure 4.52 also shows the localised variation in thickness 
of the material caused within a sample by blistering. This appears on the surface of 
the specimen as bumps (as mentioned in Section 4.2).
Comparing the single spike temperatures required to blister the both the 4-layer 
woven and 16-layer unidirectional materials a pattern emerges with moisture content 
(Table 4.3). Series 2 samples in Figure 4.1 blistered after reaching a moisture content 
of 1.1 wt%. The Series 4 samples allowed to saturate at 50°C and 96 %RH reached 
0.8 wt%, Figure 4.33, but required a thermal spike of 240°C to blister. All of the 
single spiked Series 2 [0]i6 material. Figure 4.41, blistered even at 230°C. A similar 
pattern can be seen with the 4-layer woven material; as moisture content increases the 
material is more susceptible to blistering. However, this is not true when comparing 
the saturated 4-layer woven material that has experienced a moisture regime without 
regular thermal spikes (for example Series 1) prior to single spiking to material that 
have been single spiked following exposure to Series 2 and Series 4 environmental 
conditions. Such a difference might be due to a chemical or physical difference, 
associated with thermal spiking, between the materials. Equally it would seem that 
the 16-layer unidirectional material is more prone to blistering than the 4-layer woven 
material at nominally similar moisture contents. However, the processing route for 
the unidirectional and woven configurations were different which may lead to small 
differences in resin chemistry and environmental response.
Figure 4.54 shows a cross section of material taken from [0]i6 Avimid® R which has 
been exposed to Series 2 moisture conditioning, and was harvested from the batch of 
samples that reached a moisture content of 1.04 wt% for which the data is shown in 
Figure 4.1. This material showed no signs of blistering at all on the surfaces but 
blistering damage is present upon microscopic analysis. Hence it can be seen that 
spiking of a sample at 220°C, with a high moisture content following Series 2 
conditioning, can lead to blistering.
Figure 4.55 shows a cross section of material taken from [0]i6 Avimid® R which has 
been exposed to Series 4 moisture conditioning, and was harvested from the batch of 
samples at the end of the isothermal reconditioning in Figures 4.18 & 4.22. Its final
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moisture content was 0.9 wt%. Analysis of this sample for blistering damage was 
carried out to make sure that no damage had occurred due to Series 4 conditioning 
alone. On the surfaces, this material showed no signs of blistering whatsoever. There 
were no signs of blistering observed using light microscopy.
4.6.3.4 Discussion
It would seem that there is a link between moisture content and spiking temperature 
for the formation of blisters. Furthermore, it seems the higher the spiking temperature 
the more severe the blistering damage. This is indicated by the severe blistering for 
specimens single spiked at higher temperatures (with noticeable surface bumps) but 
by the lack of surface bumps in the samples spiked at low temperatures, even though 
blistering has occurred. In addition, as the spiking temperature increases the number 
of blisters increase but the size of each individual blister decreases. It is not clear why 
such a phenomenon occurs.
Exposure to regular spiking, which enhances the moisture absorption of the matrix, 
leads to the possibility of reaching a critical moisture content and spike temperature 
where blistering occurs. The higher the moisture content the lower the single spike 
temperature required for blistering to occur. It is possible also that thermal spiking 
causes a chemical change in the matrix resin, which may be related to the enhanced 
moisture absorption. Signs of minor polishing damage were noted in some blistered 
samples and it is possible that this is due to a chemical change in matrix. Mechanical 
testing and chemical analysis discussed in Chapter 5 address further the effect of 
thermal spiking on T650-35/Avimid® R.
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4.7 Diffusion Kinetics
4.7.1 Results of absorption and desorption experiments
In order to understand better the nature of the moisture absorption behaviour of T650- 
3 5/Avimid® R, the diffusion parameters were determined, using 16-layer 
unidirectional panels. A number of experiments were performed (see Chapter 3) to 
gather data enabling the diffusion coefficients for absorption and desorption at 
different temperatures to be determined. The absorption samples were exposed to 96 
%RH and the desorption experiments were conducted in an air circulating oven. For 
all the desorption experiments three samples were used to obtain the average moisture 
content as a function of time,. In each of the absorption experiments four samples 
were used to obtain the average moisture content as a function of time, except for the 
50°C (5 samples) and initial 70°C ( 6  samples) experiments. Table 4.4 summarises the 
temperatures used in these experiments. For each of the tests, a plot of moisture 
content against square root time was obtained.
Figures 4.56 to 4.58 show the absorption data gathered at temperatures of 30°C, 50°C 
and 70°C. At 30°C (Figure 4.56), moisture absorption is slow and saturation is 
achieved after 44 Vh, at a moisture content of about 0 . 8  wt%. In comparison, at 50°C 
(Figure 4.57) a saturation moisture content of about 0.8 wt% was achieved after 29 
Vh. Saturation of the samples exposed to 70°C occurred after 22.5 Vh and, again, the 
moisture content was about 0.8 wt% (Figure 4.58). A slight problem with Figure 4.58 
is the lack of data points gathered early in the experiment, prior to saturation. Results 
of a repeat of the 70°C 96 %RH absorption study are shown in Figure 4.59. The 
saturation moisture content achieved in Figure 4.59 is 0.7 wt% (compared to those in 
Figure 4.58 which reached a saturation level closer to 0.8 wt%); this is considered 
low, since the same relative humidity was employed for all of the absorption studies.
It is possible that since the first set of data represents an average of six samples and 
the second set represents an average of four samples, the difference may simply be 
due to experimental error. The second 70°C absorption experiment provides the data 
required for the diffusion coefficient to be calculated.
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Figures 4.60 to 4.62 show the desorption data gathered. Desorption at 70°C (Figure 
4.60) shows that the saturated samples are almost dry after 22.5 Vh. In comparison 
increasing the temperature to 110°C resulted in a similar degree of drying being 
reached after only 11  Vh (Figure 4.61). Drying a saturated sample at 150°C took only 
5 Vh to achieve the same degree of drying (Figure 4.62).
4.7.2 Diffusion coefficients and activation energies for unidirectional 
and woven material
According to the Fickian difftision model, we have from equation (2.19), reproduced 
here as Equation (4.1):
m-m.-
-(2j+iy^D,t
h'
h  = (4.1)m ^ - mj  (2j + l)
where m is the moisture uptake at time t, mi is the initial moisture content, mf the 
maximum moisture content, and h is the thickness of the plate, j is an integer, and D% 
is the diffusion coefficient at a specific temperature. The left hand side of the 
equation is usually labelled G, which represents the moisture content at time t relative 
to the maximum moisture content. A graph of predicted values of G against time, 
obtained using Equation (4.1), can be fitted to a plot of the actual measured values of 
G with time for each temperature. The curve fitting was achieved using a simple 
spreadsheet. Different values of the diffusion coefficient, D%, were tried until the best 
match was found. This procedure enabled the diffusion coefficient at different 
temperatures to be determined.
Figures 4.63 to 4.68 show the fit of the model to the data for all the diffusion 
experiments. It is important to note that in each figure three predicted curves are 
shown. These three curves represent the best fit for the diffusion coefficient; i.e. the 
best fit for D%, for D% plus 1 0 % and the best fit for D% minus 1 0 %.
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Table 4.5 shows the diffusion coefficients determined by the curve fitting of the 
absorption and desorption data. As temperature increases, so too does the diffusion 
coefficient, for both absorption and desorption. The activation energy for desorption 
was higher than that for absorption. The data are also in agreement with trends 
presented in the literature (e.g. Wright 1981, Mallick 1993).
Taking natural logarithms of Equation (2.23), the diffusion coefficient, D, can be 
written in the standard form
In D = In Do (4.2)
where Do is the diffusion constant, Qd is the activation energy, R is the molar gas 
constant and T is the absolute temperature. Figure 4.69 shows the natural logarithm 
of the diffusion coefficient (In D) plotted against the reciprocal temperature (1/T), for 
both the absorption and desorption data. The slopes of both the absorption and 
desorption data are similar.
Table 4.6 shows the values obtained from Figure 4.69 of the activation energy (Qd) 
and diffusion constant (Do), for both absorption and desorption. The activation 
energies obtained from the absorption and desorption experiments are in reasonable 
agreement. Data for the diffusion constants and activation energies are in agreement 
with those presented in the literature (e.g. De Iasi and Whiteside 1978, Blikstad et al. 
1984, Jones 1994,1998).
A similar analysis was carried out on data from woven material to assess the diffusion 
coefficients for the 4-layer woven, both 100 x 100 mm and 50 x 50 mm, and the 50 x 
50 mm 16-layer woven T-650-35/Avimid® R samples using the same curve fitting 
method. The purpose of these experiments was not specifically to compare woven 
material with unidirectional material but, to observe any differences in the diffusion 
coefficients between the three woven laminate dimensions used. In other words, the 
purpose of these experiments was to observe the relevance of edge effects in the 
woven material. Curve-fitting results are shown in Figures 4.70 to 4.72.
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Table 4.7 shows a summary of the moisture absorption data (conditioned at 50°C and 
96 %RH) for the both the unidirectional and woven material. There is no difference 
in the diffusion coefficient between the two 4-layer woven T650-35/Avimid® R 
sample dimensions. This suggests that although some contribution must be made to 
the diffusion characteristics of a material by its edge, it may be ignored for the case of 
the 4-layer woven samples. The diffusion coefficient of the 16-layer woven was four 
times higher than that of the 4-layer woven because of greater edge effects. For the 
same sample dimensions, the diffusion coefficient for the 4-layer woven material was 
lower than that of the unidirectional material. Differences in the diffusion coefficient 
between the three laminate configurations could be due to the thickness (and hence 
edge effects), manufacturing process (since the woven and unidirectional materials 
were processed using different manufacturing processes) and fibre orientation (the 
woven material will have a small contribution from the fibres in the through-thickness 
direction, which would be expected to reduce the diffusion coefficient). All data were 
in agreement with trends presented in the literature {e.g. Wright 1981, De Iasi and 
Whiteside 1978, Blikstad «/. 1984).
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4.8 Prediction of moisture distributions in specimens
4.8.1 Introduction
The data gathered from the moisture absorption and desorption experiments in this 
chapter was used in conjunction with a finite difference model (FDM) to predict the 
distribution of moisture through the thickness of a specimen. The model is similar to 
the type used by Collings and Copley (1983), and was supplied in the form of a PC- 
based computer program by QinetiQ Ltd to Rolls Royce Pic. One of the main 
purposes for applying this model in the current work was in order to understand better 
the effect of thermal spiking on the moisture distribution across the thickness of a 
sample. A brief description is given below of the background and implementation of 
the model, before the results are presented.
A number of simple assumptions were made in the construction of the FDM. Firstly, 
it is assumed the moisture absorption in a specimen can be predicted on the basis of 
one-dimensional Fickian diffusion. Secondly, it is assumed that the diffusion 
coefficient is independent of the moisture concentration and hence of the through 
thickness location. Thirdly, it is assumed that while the equilibrium moisture content 
depends on the relative humidity it is not independent of temperature; moreover, a 
linear relationship between the relative humidity and the maximum moisture content 
has been used for the calculations. Finally, the model assumes that the diffusion 
coefficient has an Arrhenius dependence on temperature. All of these are reasonable 
assumptions since they conform to the findings discussed in Chapter 2.
The FDM requires that the maximum moisture content at a specific relative humidity 
and the diffusion coefficients, both for absorption and desorption, are known for the 
material in question. In addition, the dimensions of the sample, the relative humidity 
and temperature during the conditioning, and initial moisture content of the specimen 
must be stated. A problem arises when simulating the moisture absorption behaviour 
of a specimen of material exposed to thermal spiking. This is because the maximum 
moisture content of a spiked material is higher than that of non-spiked material.
Hence, for simulations involving thermal spiking it was necessary to use different
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maximum moisture contents in an attempt to model the spiking behaviour. The 
usefulness of the of the FDM programme is to be able to ascertain the moisture 
distribution profile in the material (and hence moisture content) after a given 
conditioning history. The data obtained in the moisture distribution could be 
presented graphically.
4.8.2 Prediction of isothermal conditioning and drying
Initial calculations using the FDM were aimed at simulating the (isothermal) 
desorption experiment carried out at 110°C and the (isothermal) absorption carried 
out at 50°C and 96 %RH (Series 1) to check that the QinetiQ model could reproduce 
such data satisfactorily. Figure 4.73 shows the predictions of moisture content as a 
function of time superimposed onto the experimental data from saturated samples of 
[0]i6 T650-35/Avimid R of dimensions 100 x 100 mm that were dried at 110°C. It 
can be seen that the two sets of data are in good agreement. Figure 4.74 shows a plot 
of the moisture distribution predicted by the FDM model during the first day. Not 
surprisingly, the model suggests that the sample loses moisture more rapidly near the 
surfaces, while the centre retains a higher moisture content throughout. At much 
longer times (not shown in Figure 4.73), a dry sample reaches an equilibrium dry state 
across its thickness.
Figure 4.75 shows a comparison of the original experimental moisture absorption data 
for the [0]i6 T650-35/Avimid® R specimens (dimensions 100 x 100 mm) and the 
predictions of the FDM model. Again, there is good agreement between the 
predictions and the experimental data. A plot of the moisture distribution over the 
first 9 days predicted using the FDM is shown in Figure 4.76. Initially, the sample 
absorbs moisture near the surfaces, while the centre remains relatively dry and the 
centre retains a lower moisture content throughout the absorption process.
Eventually, the sample reaches its equilibrium, saturated, level at which point the 
moisture content is constant across the thickness (not shown).
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4.8.3 Prediction of Series 2 moisture conditioning
Following the initial success of the FDM calculations for isothermal conditioning, 
calculations were carried out for samples exposed to thermal spiking. In the first 
instance, a simulation of the Series 2 spiking regime was performed calculated using 
the FDM. An equilibrium moisture content of 0.82 wt % was assumed which is the 
moisture content obtained form the Series 1 (isothermal) tests. Figure 4.77 shows the 
comparison of the experimental moisture absorption data and the results generated by 
the FDM for [0]i6 T650-35/Avimid R of dimensions 100 x 100 mm spiked at 220°C 
(Series 2). The initial two predicted spikes overlap the experimental results, but with 
increased time a divergence between the results can be seen since the equilibrium 
moisture content assumed here for the calculated FDM model is lower than that of the 
experimental data.
In the light of the divergence, a second FDM calculation was carried out using the 
equilibrium moisture content set to 1.1  wt%, this is the maximum moisture constant 
reached in the Series 2 experiments. With this value of maximum moisture content, 
the FDM predictions and second FDM calculation for Series 2 conditions are not in 
good agreement at short times (see Figure 4.78) but as time increases the two sets of 
data become closer. It should be noted that, it was not possible to obtain data for a 
greater number of spikes due to the limitations of the FDM software, which only 
allows for a maximum of four spikes to be simulated in order to obtain such plots. 
From these results, however, it would seem that the simple diffusion kinetics used in 
constructing the FDM model is not sufficient to model the spiking behaviour 
accurately.
A plot of the moisture distribution through the specimen thickness after increasing 
time intervals was created using the FDM software (see Figure 4.79). Initially, the 
sample absorbs most moisture near the surfaces, of course, while the centre remains 
relatively dry. During the first spike, the temperature is high and the relative humidity 
is low, so that the sample moisture profile changes to adjust to these new conditions. 
During the spike, the material near the surface of the sample is dried. The moisture 
content towards the centre of the sample is initially lower than that near the edge, and
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the concentration gradient acts as a driving force to propel moisture towards the 
centre of the sample. Consequently the moisture content at the centre of the sample is 
higher after spiking than before spiking. This result, that the moisture is driven into 
the centre of the sample during spiking, would explain the increased rate of absorption 
of moisture after the spike. However, it cannot explain the enhanced equilibrium 
moisture content. After the second and third spikes the same increase in moisture 
content in the centre of the specimen is seen. These predictions of moisture 
distributions are consistent with those reported by Collings and Copley (1983) see 
Chapter 2, Section 2.3.2.
4.8.4 Prediction of Series 3 moisture conditioning
A simulation of the Series 3 environmental conditioning calculated by the FDM was 
conducted using an equilibrium moisture content of 0.82 wt %. Figure 4.80 shows the 
comparison of the experimental absorption data and the results generated by the FDM 
for [0]i6 T650-35/Avimid R of dimensions 100 x 100 mm spiked at 275°C (Series 3). 
The first two calculated spikes are in agreement with the experimental results, but 
with increased time a divergence between the results can again be seen since, as for 
the results discussed above, the equilibrium moisture content for the predicted data is 
lower than the experimental data. In light of the divergence, additional FDM 
calculations were carried out using an equilibrium moisture content of 1 .2  wt% and at
1.3 wt%. In neither case is good agreement achieved (Figures 4.81 and 4.82).
The second FDM prediction for Series 3 (using 1.2%) conditions shows great 
variance fi*om the experimental data however as time increases it would seem that the 
two sets of data appear to become closer (Figure 4.81). The implication is that with 
each spike, the diffusion characteristics of the spiked material appear to be changing 
so that the experimental results using the FDM model would require that the assumed 
equilibrium moisture content needs to change from one spike to the next.
Results of the FDM prediction with the equilibrium moisture content set to 1.3 wt% 
are shown in Figure 4.82. This simulation is very different from the experimental 
data, and the purpose of this simulation was to approximate to the conditions that
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would have occurred with exposure to the Series 3 conditioning had blistering not 
occurred. Again, there is a large but expected difference since the maximum moisture 
content for these two sets of data is very different.
A comparison of the moisture distribution plots for Series 2 and Series 3 material is 
instructure. A plot of the moisture distribution at set time intervals using the FDM is 
shown in Figure 4.83 for the Series 3 material, assuming a maximum moisture content 
of 0.82 wt%. Initially the sample absorbs moisture near the surfaces, as found before, 
while the centre remains relatively dry until just before exposure to the first spike.
The results are similar to those predicted for samples exposed to Series 2 
environmental conditions. However, since the spiking temperature is higher for 
Series 3, the effect of surface drying and the driving force for moisture to diffuse 
towards the centre would be expected to be greater. Comparing Figure 4.83 (Series 3) 
with Figure 4.79 (Series 2), the Series 3 samples have a higher moisture content in the 
centre of the sample post-spiking compared to those exposed to Series 2 conditions. 
The experimental results did indeed show that more moisture was driven towards the 
centre for the samples exposed to higher spike temperatures than those spiked at 
lower temperatures in the early stages (prior to blistering).
4.8.5 Prediction of Series 4 moisture conditioning
Interestingly, the simulation of the Series 4 environmental conditioning predicted by 
the FDM was the most successful. The simulation was carried out using an 
equilibrium moisture content of 0.82 wt %. Figure 4.84 shows the comparison of the 
experimental absorption data and the results generated by the FDM for [0]i6 T650- 
35/Avimid R of dimensions 100 x 100 mm spiked at 220°C then held at 140°C for 1 h 
(Series 4). The extra complexity of the Series 4 conditions further taxed the FDM 
software so that only a maximum of three spikes could be predicted (Figure 4.84). 
Even with these limitations, the calculated spikes agreed well with the experimental 
results. It should be noted that as a tool the model would not be able to predict the 
maximum moisture content. It can only be used to simulate the moisture conditioning 
regimes where maximum moisture content values are based on experimental 
experience.
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Finally, a plot of the moisture distribution at set time intervals was created using the 
FDM programme for the Series 4 material (see Figure 4.85). As before, the sample 
absorbs moisture near the surfaces initially, while the centre remains relatively dry 
until just before exposure to the first spike. During the first spike the temperature is 
high and the relative humidity is low, hence the sample moisture profile changes 
accordingly to adjust to these new conditions. Near the surface the sample is dried, 
whereas towards the centre, since the moisture content is initially lower than that near 
the edge, the concentration gradient tends to drive moisture towards the centre of the 
sample. In the Series 4 regime, the hour at 140°C dries the sample further and 
encourages the moisture profile to become more constant across the thickness, with 
the edges losing moisture. Before the second spike the sample is exposed to warm 
moist conditions and again absorbs moisture. The moisture profile returns to the same 
general shape seen upon initial absorption prior to any spiking, but the total moisture 
content is greater. The simulation suggests a possible explanation for the particular 
moisture absorption behaviour of the Series 4 material. The Series 4 material does 
not show an increased rate of absorption of moisture due to thermal spiking but it 
does show an enhanced moisture absorption upon isothermal reconditioning. One 
possible explanation could be that spiking at 220°C and holding at 140°C the has the 
same effect as spiking by itself on the fi*ee volume of the polymer matrix, but that the 
time at 140°C results in drying, which it is believed controls the moisture absorption 
here (see Section 2.3.2) with the consequence that no enhanced moisture effects are 
noted except on reconditioning. Both the second and third spike and hold have a 
similar effect on the moisture profile.
4.8.6 Prediction of isothermal reconditioning
Having used the FDM model to simulate moisture absorption data for isothermal and 
thermal spike regimes, some simulations of reconditioning data were carried out. 
Figures 4.86 to 4.89 show comparisons between experimental data and FDM 
simulations for isothermal reconditioning. Initially the diffusion constant and 
activation energy for desorption (see Table 4.5) were used for the FDM simulation. 
Figures 4.86 and 4.87 show a comparison of data for the isothermally reconditioned
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Series 2 and Series 4 regimes, respectively. In both cases the data gather 
experimentally and from the FDM simulation were in good agreement. If the 
diffusion constant and activation energy for initial absorption are employed the 
agreement is poor (not shown here). Interestingly, a comparison between the 
experimental data and FDM simulation for the Series 3 moisture conditions displayed 
poor agreement (see Figure 4.88). Figure 4.89 shows a comparison of data for the 
isothermally reconditioned Series 3, but using the diffusion constant and activation 
energy for absorption (see Table 4.5). Interestingly, the experimental and the FDM 
simulation are now in good agreement.
4.8.7 Discussion
Summarising the work on moisture content simulation using the FDM model, it is 
clear that there are limitations to the FDM model because it does not attempt to 
simulate an increase in the maximum moisture content, although it can simulate an 
increase in the rate of moisture absorption after a spike. This is not such a problem, 
however, since several calculations using different equilibrium moisture contents 
observe the effect of each spike on the equilibrium moisture content. An advantage of 
the FDM model is the moisture distribution profiles that it produces, which are useful 
in understanding the movement of moisture during each of the regimes used in this 
work and hence the moisture absorption behaviour of T650-35/Avimid® R. The FDM 
predictions show that, with every spike, moisture is driven closer to the centre of the 
sample, which explains the enhanced rate of moisture absorption subsequently. In 
addition, it would seem that with every thermal spike the saturation level of T650- 
35/Avimid® R changes, which implies that perhaps a physical or chemical change is 
occurring. Furthermore from the moisture distribution profile for the Series 4 regime, 
it can be seen that although overall the sample loses moisture following the spike at 
220°C and 1 h at 140°C, some moisture is still driven towards the centre of the 
sample. The FDM simulations carried out for isothermal reconditioning indicate a 
change in the diffusion behaviour of the material following thermal spiking (without 
blistering). FDM simulations for the isothermally reconditioned Series 3 material 
indicate a possible recovery of the moisture absorption behaviour following blistering. 
Since the material is blistered however, the moisture absorption behaviour cannot
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solely be attributed to changes in the polymer matrix caused by thermal spiking. The 
blistering damage may affect the moisture absorption behaviour of the composite, e.g. 
by producing new surfaces to interact directly with the conditioning environment.
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4.9 Concluding Remarks
In this Chapter the results of moisture conditioning experiments using T650- 
35/Avimid® R have been examined. It has been shown that, like many fibre 
reinforced polymer composites, T650-35/Avimid® R shows second law Fickian 
behaviour under constant hygrothermal conditions and enhanced moisture absorption 
when thermally spiked. As the spiking temperature is increased, the enhancement to 
the moisture absorption behaviour is increased and after a number of spikes blistering 
occurs. These findings are in good agreement with the trends reported in the 
literature. Series 4 samples (spiked at 220°C and then held at 140°C for 1 h) showed 
no enhanced moisture absorption behaviour during conditioning.
The apparent dependence of the onset of blistering upon the moisture content and the 
spike temperature has not been explored in detail previously. The Series 2 (spiked at 
220°C) material blistered at a higher moisture content than the Series 3 (spiked at 
275°C) material.
Furthermore' single spiking experiments using saturated samples of T650-35/Avimid® 
R showed a similar relationship between the moisture content and the spike 
temperature at which blistering will occur. The higher the moisture content the lower 
the single spike temperature at which blistering occurred. The higher the single spike 
temperature, that the material was exposed to, the greater the degree of blistering that 
occurred. These effects were observed in both the unidirectional and woven samples 
ofX650-35/Avmiid®R.
Interestingly, experiments conducted to observe the effect of the fi*equency of thermal 
spikes upon the onset of blistering suggest that changing the number of days between 
spikes has no effect. All samples blistered at approximately the same amount of time.
Upon drying at 50°C retained moisture was found in some samples of T650- 
35/Avimid® R, which is again in agreement with the trends observed in the literature 
on other matrix system. Subsequent drying at 70°C removed the retained water and in 
some cases led to a weight loss relative to the weight of the samples in their as-
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received state. The weight reduction may be due to loss of volatiles while drying at 
70°C.
Isothermal reconditioning of spiked samples showed enhanced moisture absorption in 
all of the unblistered spiked samples including the Series 4 material, which showed no 
enhancement during the original conditioning regime. Samples which had blistered 
showed no enhanced moisture absorption upon isothermal reconditioning. These 
results were found in both woven and unidirectional laminates.
Work conducted using a FDM model to predict the moisture history and moisture 
distribution profile of samples under various moisture conditions showed that both 
spiked and non-spiked conditions can be modelled. Moisture is driven into the 
samples by thermal spiking encouraging a greater rate of absorption after the spike 
but not an increased saturation level. Work by Collings and Copley (1983) 
demonstrated a similar effect for a different moisture conditioning regime. In 
addition to predicting the moisture distribution profile, the moisture history of the 
material could be calculated and was in good agreement with the experimental data 
gathered. In the case of the spiked material it would seem that with each spike the 
saturation level increases. Interestingly, simulations for the reconditioned material 
indicate that the diffusion behaviour of the unblistered spiked material is lower than 
that of both the as-received and blistered spiked material.
All of the findings suggest that perhaps thermal spiking of T650-35/Avimid® R 
changes the nature of the polymer matrix. It is possible that this change may be either 
chemical degradation or a physical modification; such as the hypothesis concerning 
the rearrangement of free volume suggested in the literature.
In the next chapter, the effects of thermal spiking on the physical and chemical 
properties of T650-35/Avimid® R are described and discussed.
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4.10 Figures
Moisture content versus square root time for 
[0]i6 T650-35/Avimid®R (100 x 100 mm)
1.2
1.0
?
0.6
0.4
0.2
0.0
30 4520 25 35 40151050
Square root time (Vh)
- Series 1 (Isothermally aged)
- Series 3 (Spiked at 275°C for 5 min)
- Series 2 (Spiked at 220°C for 5 min)
- Series 4 (Spiked at 220°C for 5 min, then 140°C for 1 h)
Figure 4.1 : Moisture absorption data for [0]i6 T650-35/Avimid" R, 100 x 100 mm sample 
size.
Figure 4.2: Blistered sample o f [0]i6 T650-35/Avimid® R spiked at 275°C, sample size of 100 
X 100 mm and moisture content o f 0.88 wt%.
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HFigure 4.3: Reflected light photomicrograph of a polished longitudinal edge section parallel to 
the fibre direction from a blistered sample of [0]i6 T650-35/Avimid® R spiked at 275°C, 
moisture content o f 0.88 wt%; scale bar represents 250 pm.
1-Blisters filled with mounting resin.
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Figure 4.4: Reflected light photomicrograph of a polished longitudinal edge section parallel to 
the fibre direction from a blistered sample of [0]i6 T650-35/Avimid® R spiked at 275°C, 
moisture content of 0.88 wt%; scale bar represents 500 pm.
1-Blister filled with mounting resin. 2-Blister not filled with mounting resin.
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Figure 4.5: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from a blistered sample of [0]ie T650-35/Avimid® R 
spiked at 275°C, moisture content of 0.88 wt%; scale bar represents 250 pm.
1 -Blisters filled with mounting resin. 2-Blisters not filled with mounting resin.
3-Blister following the interface between stacked layers.
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Figure 4.6: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from a blistered sample o f [O],^  T650-35/Avimid® R 
spiked at 275°C, moisture content of 0.88 wt%; scale bar represents 250 pm.
1-Blisters filled with mounting resin. 2-Blisters not filled with mounting resin.
3-Blister following the interface between stacked layers.
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Figure 4.7: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from a blistered sample of [0]i6 T650-35/Avimid® R 
spiked at 220°C, moisture content o f 1.1 wt%; scale bar represents 250 pm.
1-Blisters filled with mounting resin. 2-Blisters not filled with mounting resin.
3-Blister following the interface of stacked layers.
Moisture content versus square root time for 
4-layer woven T650-35/Avimid®R (100 x 100 mm)
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■ Series 3 (Spiked at 275°C for 5 min)
Series 2 (Spiked at 220°C for 5 min)
Series 4 (Spiked at 220°C for 5 min, tlien 140°C for I h)
Figure 4.8: Moisture absorption data for the 4-layer woven T650-35/Avimid® R, 100 x 100 
mm sample size.
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Figure 4.9: Reflected light photomicrograph of a polished section from a blistered sample of 
4-layer woven T650-35/Avimid® R spiked at 275°C (Series 3), moisture content of 0.83 wt%; 
scale bar represents 250 pm, sample size of 100 x 100 mm.
1 -  Central blister filled with mounting resin. 2 -  Blister filled with mounting resin.
3 -  Blister not filled with mounting resin. 4 -  Polishing defects.
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Figure 4.10: Reflected light photomicrograph of a polished section from a blistered sample of 
4-layer woven T650-35/Avimid® R spiked at 220°C (Series 2), moisture content of 1.2 wt%; 
scale bar represents 250 pm, sample size of 100 x 100 mm.
1 -  Polishing damage in the matrix resin. 2 -  Blisters filled with mounting resin.
3 -  Blister not filled with mounting resin.
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Moisture content versus square root time for 
4-layer woven T650-35/Avimid®R (50 x 50 mm)
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S e r i e s  1 ( I s o t h e r m a l ^  a g e d )
S e r i e s  2  ( S p i k e d  a t  2 2 0 ° C  f o r  5  m i n )
S e r i e s  3  ( S p i k e d  a t  2 7 5 ° C  f o r  5  m i n )
S e r i e s  4  ( S p i k e d  a t  2 2 0 ° C  f o r  5  m i n ,  t h e n  1 4 0 ° C  f o r  1 h )
Figure 4.11 : Moisture absorption data for the 4-layer woven T650-35/Avimid® R, 50 x 50 
mm sample size.
Figure 4.12: Reflected light photomicrograph of a polished section from a blistered sample of 
the 4-layer woven T650-35/Avimid® R spiked at 275°C, moisture content o f 1.0 wt%; 
scale bar represents 250 p,m, sample size o f 50 x 50 mm.
1 -  Polishing damage in the matrix resin. 2 -  Blisters tilled with mounting resin.
3 -  Blisters not tilled with mounting resin.
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Moisture content versus square root time for
16-layer woven T650-35/Avimid®R (50 x 50 mm)
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S e r i e s  2  ( S p i k e d  a t  2 2 0 ° C  f o r  5  m i n )
S e r i e s  3  ( S p i k e d  a t  2 7 5 ° C  f o r  5  m i n )
■ S e r i e s  4  ( S p i k e d  a t  2 2 0 ° C  f o r  5  m i n ,  t h e n  1 4 0 ° C  f o r  1 h )
Figure 4.13: Moisture absorption data for 16-layer woven T650-35/Avimid® R, 50 x 50 mm 
sample size.
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Figure 4.14: Reflected light photomicrograph of a polished section from a blistered sample of 
16-layer woven T650-35/Avimid® R spiked at 275°C, moisture content of 1.0 wt%; 
scale bar represents 500 pm.
1 -  Polishing damage in the matrix resin. 2 -  Blisters filled with mounting resin.
3 -  Blisters not filled with mounting resin.
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Moisture content versus square root time for
[0]i6 T650-35/Avimid®R (100 x 100 mm)
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S e r i e s  2  ( S p i k e d  a t  2 2 0 ° C  f o r  5  m i n )
S e r i e s  3  ( S p i k e d  a t  2 7 5 ° C  f o r  5  m i n )
S e r i e s  4  ( S p i k e d  a t  2 2 0 ° C  f o r  5  m i n ,  t h e n  1 4 0 ° C  f o r  1 h )
Figure 4.15; Moisture loss data for [0]i6 T650-35/Avimid® R, 100 x 100 mm sample size.
M oisture con ten t versus square root tim e for  
4-layer w oven  T 650-35/A vim id® R  (100 x 100 m m )
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Figure 4.16; Moisture loss data for 4-layer woven T650-35/Avimid" R, 100 x 100 mm sample 
size.
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Moisture content versus square root time for
4-layer woven T650-35/Avimid®R (50 x 50 mm)
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• Series 2 (Spiked at 220°C for 5 min)
■ Series 4 (Spiked at 220°C for 5 min, then 140°C for 1 h)
Figure 4.17: Moisture loss data for 4-layer woven T650-35/Avimid^ R, 50 x 50 mm sample 
size.
M oisture content versus square root time for 
[01i6 T650-35/Avim id®R (100 x 100 mm)
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Series 4 (Spiked at 220°C for 5 min, then 140°C for 1 h)
Figure 4.18: Moisture reconditioning data for [0]i6 T650-35/Avimid® R, 100 x 100 mm 
sample size.
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Moisture content versus square root time for
[0]i6 T650-35/Avimid®R (100 x 100 mm) Series 1
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Figure 4.19: Comparison of moisture absorption and reconditioning data for Series 1 [0],6 
T650-35/Avimid® R, 100 x 100 mm sample size.
Moisture content versus square root time for 
|0 | i 6  T650-35/Avimid®R (100 x 100 mm) Series 2
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Figure 4.20 Comparison of moisture absorption and reconditioning data for Series 2 [0],6 
T650-35/Avimid® R, 100 x 100 mm sample size.
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M oisture con ten t versu s square root tim e for
[0]i6 T650-35/Avim id®R (100 x 100 m m ) S eries 3
10 15 20 25 30
Square root time (Vh)
35 40 45
Original Series 3 —*— Reconditioned Series 3
Figure 4.21 : Comparison o f moisture absorption and reconditioning data for Series 3 [0]i6  
T650-3 5/Avimid® R, 100 x 100 mm sample size.
Moisture content versus square root time for 
|0ji6 T650-35/Avimid®R (100 x 100 mm) Series 4
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Figure 4.22; Comparison of moisture absorption and reconditioning data for Series 4 [0])6 
T650-35/Avimid® R, 100 x 100 mm sample size.
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Moisture content versus square root time for
4-layer woven T650-35/Avimid®R (100 x 100 mm)
0.6
Is
I
I
0.0
-0.2
Square root time (Vh)
Reconditioned Series 1 Reconditioned Series 2 Reconditioned Series 3 Reconditioned Series 4
Figure 4.23: Moisture reconditioning data for 4-layer woven T650-35/Avimid® R, 100 x 100 
mm sample size.
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Figure 4.24: Comparison of moisture absorption and reconditioning data for Series 1 4-layer 
woven T650-35/Avimid® R, 100 x 100 mm sample size.
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Moisture content versus square root time for
4-layer woven T650-35/Avimid®R (100 x 100 nun) Series 2
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Figure 4.25: Comparison of moisture absorption and reconditioning data for Series 2 4-layer 
woven T650-35/Avimid® R, 100 x 100 mm sample size.
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Figure 4.26: Comparison of moisture absorption and reconditioning data for Series 3 4-layer 
woven T650-35/Avimid® R, 100 x 100 mm sample size.
135
Moisture content versus square root time for
4-layer woven T650-35/Avimid®R (100 x 100 mm) Series 4
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Figure 4.27: Comparison of moisture absorption and reconditioning data for Series 4 4-layer 
woven T650-3 5/Avimid® R, 100 x 100 mm sample size.
M oisture content versus square root tim e for  
4-layer w oven  T650-35/Avim id® R (50 x 50 mm)
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Figure 4.28: Moisture reconditioning data for 4-layer woven T650-35/Avimid® R, 50 x 50 
mm sample size.
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Moisture content versus square root tim e for
4-layer woven T650-35/Avimid®R (50 x 50 mm) Series 1
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Figure 4.29: Comparison of moisture absorption and reconditioning data for Series 1 4-layer 
woven T650-35/Avimid® R, 50 x 50 mm sample size.
Moisture content versus square root time for 
4-layer woven T650-35/Avimid®R (50 x 50 mm) Series 2
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Figure 4.30: Comparison of moisture absorption and reconditioning data for Series 2 4-layer 
woven T650-35/Avimid® R, 50 x 50 mm sample size.
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Moisture content versus square root time for 
4-layer woven T650-35/Avimid®R (50 x 50 mm) Series 3
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Figure 4.31 : Comparison of moisture absorption and reconditioning data for Series 3 4-layer 
woven T650-35/Avimid® R, 50 x 50 mm sample size.
Moisture content versus square root time for 
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Figure 4.32: Comparison of moisture absorption and reconditioning data for Series 4 4-layer 
woven T650-35/Avimid® R, 50 x 50 mm sample size.
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Moisture content versus square root time for
[0]i6 T650-35/Avimid®R (100 x 100 mm) Series 3
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Figure 4.33: Moisture absorption data for repeat o f Series 3 [0]i6 T650-35/Avimid® R, 100 x 
100 mm sample size.
Moisture content versus square root time for 
|0 |,6  T650-35/Avimid®R (100 x 100 mm) Series 3
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Figure 4.34: Comparison of moisture absorption data for Series 3 [0]i6 T650-35/Avimid® R, 
100 X 100 mm sample size.
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Moisture content versus square root time for 
(0]i6 T650-35/Avimid®R (100 x 100 mm) Series 3
0.7
0.6
I
I
0.0
2510 15 2050
Square root time (Vh)
Series 3 ( 1 Day) Series 3 (3 Day) — Series 3(10 Day)
Figure 4.35: Comparison of moisture absorption data for Series 3 [0]i6 T650-35/Avimid® R 
conducted at vaiying intervals, 100 x 100 mm sample size.
Figure 4.36: Reflected light photomicrograph o f a polished section from a sample o f 4-layer 
woven T650-35/Avimid® R isothermally aged and then spiked at 230°C, moisture content o f  
0.8 wt%; scale bar represents 250 pm.
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Figure 4.37: Reflected light photomicrograph of a polished section from a sample of 4-layer 
woven T650-35/Avimid® R isothermally aged and then spiked at 270°C, moisture content of 
0.8 wt%; scale bar represents 250 pm, arrow indicates the possibility of blistering.
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Figure 4.38: Reflected light photomicrograph of a polished section from a sample o f 4-layer 
woven T650-35/Avimid® R isothermally aged and then spiked at 280°C, moisture content of 
0.8 wt%; scale bar represents 250 pm.
1 -  Blister partially filled with mounting resin. 2 -  Blister filled with mounting resin.
3 -  Blisters not filled with mounting resin.
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Figure 4.39: Reflected lignt pnoiomicrograph of a polished section from a sample of 4-layer 
woven T650-35/Avimid® R isothermally aged and then spiked at 290°C, moisture content of 
0.8 wt%; scale bar represents 250 pm.
1 -  Blister partially filled with mounting resin. 2 -  Blisters not filled with mounting resin.
Figure 4.40: Reflected light photomicrograph of a polished section from a sample of 4-layer 
woven T650-35/Avimid® R isothermally aged and then spiked at 300°C, moisture content of 
0.8 wt%; scale bar represents 250 pm.
1 -  Blisters partially filled with mounting resin. 2 -  Blister filled with mounting resin.
3 -  Blister not filled with mounting resin.
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Moisture content versus square root time for 
4-layer woven T650-35/Avim i(pR (100 x 100 mm) Series 2 and 4
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Figure 4.41 : Moisture absorption data for 4-layer woven T650-35/Avimid® R, 100 x 100 mm 
sample size.
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Figure 4.42: Moisture absorption data for 16-layer unidirectional T650/35Avimid® R, 100 x 
100 mm sample size.
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Figure 4.43: Reflected light photomicrograph of a polished section from a sample o f 4-layer 
woven T650-35/Avimid® R exposed to Series 4 regime and then spiked at 300°C, moisture 
content o f 0.92 wt%; scale bar represents 250 pm.
Figure 4.44: Reflected light photomicrograph of a polished section from a sample o f 4-layer 
woven T650-35/Avimid® R exposed to Series 2 regime and then spiked at 260°C, moisture 
content of 1.2 wt%; scale bar represents 250 pm.
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Figure 4.45: Reflected light photomicrograph of a polished section from a sample o f 4-layer 
woven T650-35/Avimid® R exposed to Series 2 regime and then spiked at 270°C, moisture 
content of 1.2 wt%; scale bar represents 250 pm.
1 -  Polishing damage in matrix resin. 2 -  Blister not filled with mounting resin.
3 -  Blister partially filled with mounting resin. 4 - Blister filled with mounting resin.
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Figure 4.46: Reflected light photomicrograph of a polished section from a sample o f 4-layer 
woven T650-35/Avimid® R exposed to Series 2 regime and then spiked at 290°C, moisture 
content of 1.2 wt%; scale bar represents 250 pm.
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Figure 4.47: Reflected light photomicrograph of a polished section from a sample o f 4-layer 
woven T650-35/Avimid® R exposed to Series 2 regime and then spiked at 300°C, moisture 
content of 1.2 wt%; scale bar represents 250 p,m.
1 -  Central blister partially filled with mounting resin. 2 -  Blister not filled with mounting 
resin.
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Figure 4.48: Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from a sample of [0],6 T650-35/Avimid® R exposed to Series 4 regime 
and then spiked at 240°C, moisture content of 0.8 wt%; scale bar represents 250 pm.
1 -  Blister not filled with mounting resin. 2 - Blister partially filled with mounting resin.
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Figure 4.49: Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from a sample of [0],6 T650-35/Avimid® R exposed to Series 4 regime 
and then spiked at 250°C, moisture content of 0.8 wt%; scale bar represents 250 pm.
Figure 4.50: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from a sample of [O],^  T650-35/Avimid® R exposed to 
Series 4 regime and then spiked at 300°C, moisture content of 0.8 wt%; scale bar represents 
250 pm.
1 -  Blister filled with mounting resin. 2 - Blister not filled with mounting resin.
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Figure 4.51 : Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from a sample of [O],^  T650-35/Avimid® R exposed to 
Series 2 regime and then spiked at 230°C, moisture content of 1.1 wt%; scale bar represents 
250 pm; the arrow shows a blister partially filled with mounting resin.
Figure 4.52: Reflected light photomicrograph of a polished transverse edge section 
perpendicular to the fibre direction from a sample of [0]i6 T650-35/Avimid® R exposed to 
Series 2 regime and then spiked at 300°C, moisture content o f 1.1 wt%; scale bar represents 
250 pm.
1 -  Blister not filled with mounting resin. 2 -  Blister partially filled with mounting resin.
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Figure 4.53: Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from a sample of [0]i6 T650-35/Avimid® R exposed to Series 2 regime 
and then spiked at 300°C, moisture content of 1.1 wt%; scale bar represents 250 pm.
1 -  Blister not filled with mounting resin. 2 -  Blister partially filled with mounting resin.
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Figure 4.54: Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from a sample of [0]i6 T650-35/Avimid® R exposed to Series 2 regime, 
moisture content o f 1.04 wt%; scale bar represents 250 pm.
1 -  Blistering damage.
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Figure 4,55: Reflected light photomicrograph of a polished longitudinal edge section parallel 
to the fibre direction from a sample o f [0]i6 T650-35/Avimid® R exposed to Series 4 regime, 
moisture content o f 0.9 wt%; scale bar represents 250 pm.
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Figure 4.56: Moisture absorption data for [0]i6 T650-35/Avimid® R at 30°C, 100 x 100 mm 
sample size.
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Moisture content, versus square root time for 
[0 ] i6  T650-35/Avimid®R (100 x 100 mm) conditioned at 50°C 96%RH
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Figure 4.57: Moisture absorption data for [0]i6 T650-35/Avimid® R at 50°C, 100 x 100 mm
sample size.
M oisture conten t versus square root tim e for 
(0|i6 T65ti-35/Avimit(*R (100 x 100 m m ) conditioned at 70°C 96 %RH
0.9
0.7
0.6
i
I  0.4
I
0.2
0.0
20 25 35 5010 15 30 40 4550
S q u a r e  r o o t  t i m e  ( V h )
Figure 4.58: Moisture absorption data for [0]i6 T650-35/Avimid® R at 70°C, 100 x 100 mm 
sample size.
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Moisture content versus square root time for
|0]i6T650-35/Avimid®R(100 x 100 mm) conditioned at 70°C, 96 %RH
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Figure 4.59: Moisture absorption data for [0]i6 T650-35/Avimid® R at 70°C (2nd), 100 x 100 
mm sample size.
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Figure 4.60: Moisture desorption data for [0]i6 T650-35/Avimid® R at 70°C, 100 x 100 mm 
sample size.
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M oisture content versus square root time for 
|0]i6 TôSO-SS/Avimid^R (100 x 100 mm) conditioned at 110 °C
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Figure 4.61 : Moisture desorption data for [0]i6 T650-35/Avimid® R at 110°C, 100 x 100 mm
sample size.
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Figure 4.62: Moisture desorption data for [0]i6 T650-35/Avimid® R at 150°C, 100 x 100 mm
sample size.
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Calculated G vs time for |0]i6 T650-35/Avimid R (100 x 100 mm)
conditioned at 30°C 96 %RH (D = 2.71 E-7 mm Is)
O
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Time (s)
-G (M easurcd) - G(Calculated) D = 2.71E-7 mm''2 / s - G (Calculated) D =2.44E-7 imrC2/ s - G (Calculated) D = 2.9SE-7 mm''2 / s
Figure 4.63: Curve fitting o f moisture absorption for [0]i6 T650-35/Avimid® R at 30°C to 
obtain diffusion coefficient.
Calculated G vs time for [0|i6 T650-35/Avimid R (100 x 100 mm) 
conditioned at 50°C 96 %RH (D = 7.25E-7 mm /^s)
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Figure 4.64: Curve fitting o f moisture absorption for [0]i6 T650-35/Avimid® R at 50°C to 
obtain diffusion coefficient.
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Calculated G vs time for (0],g T650-35/Aviinid R (100 x 100 mm)
conditioned at 70“C 96 %RH (D = 1.47E-6 mm /s)
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Figure 4.65: Curve fitting o f moisture absorption for [0]i6 T650-35/Avimid® R at 70°C to 
obtain diffusion coefficient.
Calculated G vs time for |0|i6 T650-35/Avimid R (100 x 100 mm) 
conditioned at 70°C (D = 1.28E-6 mm /^s)
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Figure 4.66: Curve fitting of moisture desorption for [0]i6 T650-35/Avimid® R at 70°C to 
obtain diffusion coefficient.
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Calculated G vs time for [OJis T650-35/Aviimd R (100 x 100 mm)
conditioned at 110°C (D = 7.00E-6 mm /^s)
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Figure 4.67: Curve fitting of moisture desorption for [0]i6 T650-35/Avimid® R at 110°C to 
obtain diffusion coefficient.
Calculated G vs time for |0 ]i6  T650-35Avimid R  (100 x 100 mm) 
conditioned at 150°C (D  = 2.65E-5 mm /^s)
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Figure 4.68: Curve fitting o f moisture desorption for [0]i6 T650-35/Avimid® R at 150°C to
obtain diffusion coefficient.
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Figure 4.69: Plot o f the natural log of the diffusion coefficient against reciprocal temperature 
for both absorption and desorption data for [0],6 T650-35/Avimid® R.
Calculated G vs time for 4-layer woven T650-35/Avimid R (100 x  100 mm) 
conditioned at 50°C 96 %RH (D = 5.5E-7 mm /^s)
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Figure 4.70: Curve fitting of moisture absorption at 50°C and 96%RH for 4-layer woven 
T650-35/Avimid® R, 100 x 100 mm.
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Calculated G vs time for 4-layer woven T650-35/Avimid R (50 x 50 mm)
conditioned at 50°C 96 %RH (D = 5.5E-7 mm /^s)
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Figure 4.71 : Curve fitting o f moisture absorption at 50°C and 96%RH for 4-layer woven 
T650-35/Avimid® R, 50 x 50 mm.
Calculated G vs time for 16-layer T650-35/Avimid R (50 x 50 mm) 
conditioned at 50°C 96 %RH (D = 2.2E-6 mm /^s)
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Figure 4.72: Curve fitting o f moisture absorption for at 50°C and 96%RH for 16-layer woven 
T650-35/Avimid® R, 50 x 50 mm.
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Moisture content history for sample exposed to 110°C
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Figure 4.73: FDM and experimental plots o f desorption data for [0]i6 T650-35/Avimid R of 
dimensions 100 x 100 mm being dried at 110°C.
Moisture distribution across the sample with time
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Figure 4.74: FDM moisture distribution across the thickness o f a sample o f [0]i6 T650- 
35/Avimid R CFRP laminate while drying at 110°C.
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Ivfaisture content history for sample exposed toSO'CPô %RH(Series 1), measured data frominitial absorption
experiment.
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Figure 4.75: FDM and experimental plots of absorption data for [0],6 T650-35/Avimid R of 
dimensions 100 x 100 mm under constant hygrothermal conditions (Series 1).
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Figure 4.76: FDM moisture distribution across the thickness o f a sample o f [0]i6 T650- 
35/Avimid R CFRP laminate under constant hygrothermal conditions (Series 1).
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Ivfoisture content history for sample spiked at 220%] for 5 min (S er ies  2), m easured data from initial
absorption experim ent.
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Figure 4.77: FDM and experimental plots o f absorption data for [0]i6 T650-35/Avimid R of  
dimensions 100 x 100 mm spiked at 220°C (Series 2); FDM equilibrium moisture content set 
to 0.82 wt%.
ivfoisture content history for sample spiked at 220%] for 5 m in(Series2), measured data from initial
a bsorpt ionexpe riment.
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Figure 4.78: FDM and experimental plots o f absorption data for [0]i6 T650-35/Avimid R o f
dimensions 100 x 100 mm spiked at 220°C (Series 2); FDM equilibrium moisture content set
to 1.1 wt%.
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Moisture distribution across the sampie with time
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Figure 4.79: FDM moisture distribution across the thickness o f a sample o f [0]i6 T650- 
35/Avimid R CFRP laminate spiked at 220°C (Series 2);
Maximum moisture content 0.82 wt%.
Moist ure content history for sample spiketi at 275'Cfor 5 min (Series 3), measured data frorn init ial
absorpt ionexperiment.
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Figure 4.80: FDM and experimental plots o f  absorption data for [0]i6 T650-35/Avimid R o f
dimensions 100 x 100 mm spiked at 275°C (Series 3); FDM equilibrium moisture content set
to 0.82 wt%.
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Maisture content history for sample spiked at 275‘C for 5 min (S e r ie s3 ), m easured data from initial absorpt ion
experim ent.
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Figure 4.81 : FDM and experimental plots o f absorption data for [0]i6 T650-35/Avimid R of 
dimensions 100 x 100 mm spiked at 275°C (Series 3); FDM equilibrium moisture content set 
to 1.2 wt%.
Moisture content history for sample spiked at 275^2 for 5 min (S er ies  3), m easured data from initial
absorption experim ent.
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Figure 4.82: FDM and experimental plots o f absorption data for [0]i6 T650-35/Avimid R of 
dimensions 100 x 100 mm spiked at 275°C (Series 3); FDM equilibrium moisture content set 
to 1.3 wt%.
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Figure 4.83: FDM moisture distribution across the thickness o f a sample o f [0]i6 T650- 
35/Avimid R CFRP laminate spiked at 275°C (Series 3);
Maximum moisture content 0.82 wt%.
Moisture content history for sample spiked at 220'Cfor5m inthenheldat 140‘C for lh (Series4), measured 
data from initial absorption experiment.
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Figure 4.84: FDM and experimental plots of absorption data for [0]i6 T650-35/Avimid R o f  
dimensions 100 x 100 mm spiked at 220°C then held at 140°C for 1 h (Series 4); FDM 
equilibrium moisture content set to 0.82 wt%.
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Figure 4.85: FDM moisture distribution across the thickness of a sample o f [0]i6 T650- 
35/Avimid R CFRP laminate spiked at 220°C then held at 140°C for 1 h (Series 4); 
Maximum moisture content 0.82 wt%.
M oisture c o n te n t history  for sam ple spiked at 2 2 0°C for 5 m in (S e r ie s2 ) ,m e a su r e d  data  
from recon d ition in g  exp erim en t.
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Figure 4.86: FDM and experimental plots o f absorption data for [0]i6 T650-35/Avimid R o f  
dimensions 100 x 100 mm reconditioned Series 2; FDM equilibrium moisture content set to 
1.04 wt% and using the diffusion constant and activation energy for desorption.
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ivbisture content history for sample spikedat 220'C for 5 mint hen held at 140‘Cfor lh (S eries4), measured
data fromreconditioningexperiment.
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Figure 4.87: FDM and experimental plots o f absorption data for [0]i6 T650-35/Avimid R of  
dimensions 100 x 100 mm reconditioned Series 4; FDM equilibrium moisture content set to 
0.92 wt% and using the diffusion constant and activation energy for desorption.
Vbisturecontent history for sanple spiked at 275‘Cfor5min(Series3),measureddatafromreconditioning
experiment.
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Figure 4.88: FDM and experimental plots o f  absorption data for [0],6 T650-35/Avimid R o f
dimensions 100 x 100 mm reconditioned Series 3; FDM equilibrium moisture content set to
0.82 wt% and using the diffusion constant and activation energy for desorption.
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Figure 4.98: FDM and experimental plots o f absorption data for [0]i6 T650-35/Avimid R of  
dimensions 100 x 100 mm reconditioned Series 3; FDM equilibrium moisture content set to 
0.82 wt% and using the diffusion constant and activation energy for absorption.
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4.11 Tables
Laminate
configuration
Spike
temperature
(°C)
Maximum Moisture 
content (wt%)
Presence of 
blistering
16-Layer Unidirectional 2 2 0 1 .1 0 Yes
(100 X 100 mm) 275 0.88 Severe
4-Layer woven 2 2 0 1 .1 0 Yes
(100 X 100 mm) 275 1.18 Severe
4-Layer woven 2 2 0 1.23 Yes
(50 X 50 mm) 275 1 .1 0 Severe
16-layer woven 220 0.83 No
(50 X 50 mm) 275 1.00 (Blisters seen at 
0.90)
Yes
Table 4.1: Relationship between the presence of b 
moisture content, in samples of T650-3 5/Avimid®
istering with the spike temperature and the 
R.
Spike frequency (day) Time at which blistering occurred ( ^ )
1 13
3 1 2
1 0 15.5
Table 4.2: Summary of spike frequency data for [0]i6 T650-35/Avimid R.
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Single
Spike
Temperature
Sample history and evidence of blistering
Series 1 
4-layer 
Woven 
0.8 wt%
Series 4 
4-layer 
Woven 
0.92 wt%
Series 2 
4-layer 
Woven 
1.2 wt %
Series 4 
16-layer 
Unidirectional 
0.8 wt%
Series 2 
16-layer 
Unidirectional 
1.1 wt%
230 X X X X Blistered
(micro)
240 X X X Blistered
(micro)
Blistered
(micro)
250 X X X X Blistered
(micro)
260 X X X Blistered
(micro)
Blistered
(micro)
270 Blistered
(micro)
X Blistered Blistered
(micro)
Blistered
280 Blistered X X Blistered Blistered
290 Blistered X X Blistered Blistered
300 Blistered X Blistered Blistered Blistered
Table 4.3: Summary of single spike data for 4-layer woven and 16-layer unidirectional T650- 
35/Avimid® R.
Absorption Desorption
30°C 70°C
50°C 110°C
70°C 150°C
Table 4.4: Temperatures at which absorption and desorption data were gathered for [0]i6 
T650-35/Avimid® R.
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Absorption
Temperature
(°C)
Diffusion 
Coefficient, D 
X 10“^  (mm^/s)
Desorption
Temperature
CQ
Diffusion 
Coefficient, D 
X 10'^  (mmVs)
30 2.71 70 1.28
50 7.25 110 7.00
70 14.70 150 26.50
Table 4.5: Diffusion coefficients for absorption and desorption at various temperatures for 
[0]i6T650-35/Avimid® R.
Do X 10  ^(m /^s) 
[Absorption]
Qd (kJ/mol) 
[Absorption]
Do X 10 ® (m /^s) 
[Desorption]
Qd (kJ/mol) 
[Desorption]
1.33 32.54 1.18 45.70
Table 4.6: Activation energy (Qd) and diffusion constant (Do), for both absorption and 
desorption for [0]i6 T650-35/Avimid® R.
Laminate configuration and specimen size (mm) Diffusion coefficient (mm^/s)
16-layer unidirectional (100 x 100) 7.25 X 10'
4-layer woven (50 x 50) 5.5 X 10'
4-layer woven (100 x 100) 5.5 X 10"'
16-layer woven (50 x 50) 2 . 2  X 1 0 "
Table 4.7: Summary of diffusion coefficients for moisture absorption at 50°C and 96 %RH 
for 4-layer and 16-layer woven T650-35/Avimid® R.
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5 Effect of Absorbed Moisture on Physical and 
Chemical Properties
5.1 Introduction
In the previous chapter it was demonstrated that the moisture absorption 
characteristics of T650-35/Avimid® R are affected by thermal spiking. As a 
consequence of thermal spiking, samples that had been moisture conditioned and 
dried contained residual moisture and some of the samples exposed to thermal spiking 
showed signs of blistering damage. It was demonstrated that the onset of blistering 
was linked to both the moisture content and the spike temperature. Moreover, the 
moisture absorption behaviour on reconditioning was affected. In the chapter, we 
examine the hypothesis that these effects are due to a chemical change which occurs 
in the Avimid® R due to thermal spiking. The chemical change may be due simply to 
redistribution of free volume, but it could also be a product of chemical degradation.
This hypothesis is addressed in two ways within this chapter. Firstly, the relationship 
between moisture content and the physical properties of the composite is examined. 
Secondly, an attempt is made to identify chemical changes that occur due to moisture 
absorption.
With regard to the physical properties of the composite material, this chapter outlines 
the results of the mechanical testing described in Chapter 3 and discusses the changes 
that occur due to moisture conditioning. Potential chemical changes are investigated 
using organic spectroscopy and dynamic mechanical thermal analysis. Included 
within the chapter are comparisons of spectra from as-received and moisture 
conditioned samples. In discussing these results, attempts are made to link the 
findings of all the experimental work, as well as conclusions from the literature.
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5.2 Mechanical Properties
In this section the results of mechanical testing performed on samples of T650- 
35/Avimid® R are presented. Tensile testing and compact tension testing have been 
used to determine the affect of absorbed moisture (introduced by isothermal ageing 
and thermal spiking) upon the T650-35/Avimid® R samples.
5.2.1 Tensile Testing
Samples of [0]i6 T650-35/Avimid® R, taken from dry as-received material and 
saturated Series 1 material (50°C and 96 %RH; Figure 4.18), were tested in simple 
tension to observe any changes in the elastic material constants after isothermal 
conditioning (the saturated Series 1 material reached a moisture content of 0.8 wt%). 
Table 5.1 shows the data gathered from these tensile tests conducted with the fibres 
orientated parallel to the load. There is a reduction in the average value of the 
longitudinal modulus, Ei, between the dry as-received and Series 1 material from 132 
GPa to 124 GPa, respectively although the change is almost within experimental 
error. The manufacturers quote a modulus value of as-received [0]g laminate of T650- 
35/Avimid® R as 150 GPa at 22°C (Cytec 2001 a), which is somewhat greater than 
the value found here. This may be due to volume fraction differences.
Tables 5.2 and 5.3 shows the data gathered from tensile tests conducted for the 
transverse modulus, E2. There is a reduction in the average E2 between the dry as- 
received and saturated Series 1 material, from 8.9 GPa to 8.3 GPa respectively. It is 
important to note that samples tested with the fibres orientated parallel to the load 
show results that are fibre dominated, whereas samples tested with the fibres 
orientated perpendicular to the load show matrix dominated properties. Overall the 
trends tend to imply that the absorbed moisture reduced the mechanical properties of 
the [0]i6 T650-35/Avimid® R. Tables 5.4 to 5.6 show the strength data gathered from 
the tensile tests. It can be seen that regardless of the direction of loading there is a 
decrease in the strength with increasing moisture; however, the strength values 
parallel to the load are particularly low due to the role of the grips and should be 
viewed with caution.
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The [0]i6 samples in Figure 5.1 have been exposed to Series 2 (spiked at 220°C for 5 
min) moisture conditioning until 37.5 Following 37.5 the samples were placed 
in a moisture cabinet at 50°C and 96 %RH, without spiking, to saturate at a level of 
1.04 wt% before being mechanically tested (it should be noted that a break in the 
experimental program where no spiking could be conducted occurred between 27 and
32.5 \h).
Table 5.7 shows the data gathered from tensile tests conducted perpendicular to the 
fibre direction. The transverse modulus, E2, has been reduced from 8.9 GPa (dry 
value) to 8.1 GPa
The data in Tables 5.2 and 5.7 perhaps suggest that an increased reduction in the 
transverse modulus occurs with increased absorbed moisture. However, as the Series 
2  samples had been thermally spiked, any chemical or physical change associated 
with thermal spiking occurred could have contributed to the further reduction in 
mechanical properties compared to the isothermally aged samples.
Table 5.8 shows the strength data gathered from the tensile tests conducted with the 
fibre direction orientated perpendicular to the load for Series 2 samples. Comparing 
the data from Tables 5.5 and 5.8, a decrease in the peak stress from 69 MPa to 
55 MPa can be observed with increased moisture. The average strength of the dry as- 
received material from Table 5.5 is higher than that of the Series 2 material. The 
Series 2 material, which possessed an absorbed moisture content of 1.04 wt%, 
demonstrated a lower average strength (55 MPa) compared to the Series 1 material 
with a moisture content of 0.8 wt% (59 MPa). It should be noted, however, that the 
standard error for the Series 1 data was relatively high. Changes in other matrix 
dominated mechanical properties, specifically fracture toughness, are explored in the 
next section.
Predictions to model the mechanical properties of [0]i6 T650-35/Avimid® R were 
carried out using the simple rule of mixtures for the elastic modulus of the composite 
in fibre direction (Equation 5.1), and perpendicular to the fibres the Halpin-Tsai 
equations for unidirectional composite (Equation 5.2 and 5.3).
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E ,e= V ,E ,,+ V „E „ (5.1)
E.C = Em (5.2)
where,
Eic and E2C are the elastic moduli of the composite parallel and perpendicular to the 
fibres, respectively. Vf and Vm are the fibre volume fraction and matrix volume 
fraction, respectively. Eif and E2f are the elastic moduli of the fibres parallel and 
perpendicular to the fibre direction, respectively. Em is the elastic modulus of the 
matrix and 61 is the reinforcing efficiency factor and depends on the geometry of the 
fibres. Since the fibres have a circular cross section, the value for 61 is taken as 2.
The volume fraction of 0.6 was calculated using the micrographs of the dry as- 
received material, which was in good agreement with the values obtained from the 
manufacturer (Cytec 2001 a, b). The value of Eif and Eim were obtained from the 
manufacturer, while the value for E2f was based on typical values for carbon fibres. 
Tables 5.9 and 5.10 show the elastic moduli for a dry as-received and moisture 
conditioned laminate, respectively. A thirty percent reduction in the elastic modulus 
of the matrix was required to fit the reduction of E2C post saturation (See Table 5.10). 
The dry as-received values were in good agreement with those found experimentally 
perpendicular to the fibre direction but not parallel to the fibre direction, showing 
values of 157.5 GPa for Eic and 9.7 GPa for E2c- The decrease in the elastic modulus 
perpendicular to the load, E2C, from 9.7 GPa to 8.0 GPa with absorbed moisture was 
in good agreement. The modulus of the composite parallel to the fibres, Eic, when 
saturated decreased by only 0.4 GPa, from 157.5 GPa to 157.1 GPa. This is in 
contrast with trends observed of the experimental results. Even with an assumed drop 
in the elastic modulus of the matrix, Eic is not affected significantly. The observed 
drop in Eic may possibly be due to a reduction in the bond strength at the interface
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between the fibres and the matrix associated with absorbed moisture and thermal 
spiking.
5.2.2 Compact Tension
Compact tension testing of [0]i6 T650-35/Avimid® R was conducted on dry as- 
received material, and saturated Series 2 material. The practical difficulties of the 
compact tension testing have been discussed in Chapter 3 where it was shown that 
considerable work was required to reduce the standard deviation in these tests to 
below 10% on dry as-received material. Once this was done, tests were carried out 
using the saturated material.
Table 5.11 shows the results of compact tension experiments on dry as-received 
samples of [0]i6 T650-35/Avimid® R. The average value of Kjc was found to be 3.0 
MPa m^ ^^ , and although low compared to the original set of data (not shown here) the 
scatter was reduced giving a standard error of 0.1 MPa m^ ^^ .
A further set of compact tension tests. Table 5.12, gave an average value of Kic of 
2.67 MPa with a standard error 0.06 MPa m^ ^^  (For comparison, compact tension 
testing conducted by Prickett (2000), using unidirectional panels of HTA/F927 CFRP 
laminate, found average Kic to be 1.87 MPa m^ ^^ ).
Compact tension testing was then carried out on saturated Series 2 [0]i6 T650- 
35/Avimid® R samples. These samples had been exposed to Series 2 moisture 
conditioning for 37.5 and then kept in a moisture cabinet at 50°C 96 %RH, 
without spiking, to saturation (Figure 5.1). Table 5.13 shows the results of compact 
tension tests performed on the saturated Series 2 samples of [0]i6 T650-35/Avimid® 
R; having a moisture content of 1.04 wt% (Figure 5.1). The average value of Kic of 
the Series 2 samples was 2.45 MPa m^ ^^  with a standard error of 0.05 MPa m^ ^^ .
A comparison between the average dry as-received value of Kic and the average 
saturated Series 2 value of Kic shows a drop in the fi*acture toughness with increased 
moisture content (from 2.67 MPa to 2.45 MPa m^ ^^ ), echoing the results of the
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transverse tensile tests. The findings of the compact tension testing therefore lend 
weight to the supposition that increased moisture content reduces the mechanical 
properties of the composite.
As discussed in Chapter 3 (Materials, Methods and Development of Conditioning 
Methodology), the critical strain energy release rate values, Gic, were also determined 
from the tests. This required subtracting out the elastic energy for deforming the 
specimen (the “unnotched energy”). Table 5.14 shows the data gathered from the 
compact tension experiments performed on as-received samples of [0]i6 T650- 
35/Avimid® R. The average value of Gic was 0.73 kJ/m^ with a standard error of 0.03 
kJ/m^. For comparison, values found by Prickett (2000) for HTA/F927 showed the 
average Gic to be 0.35 kJ/m^.
Table 5.15 shows the results of compact tension experiments performed on saturated 
Series 2 samples of [0]i6 T650-35/Avimid® R; having a moisture content of 1.04 wt%. 
The average value of Gic was 0.61 kJ/m^, with a standard error of 0.04 kJ/m^.
The comparison between the average dry as-received value and the average saturated 
Series 2  value of Gic shows a drop in the fracture surface energy from 0.73 kJ/m^ to 
0.61 kJ/m^ with increased moisture content, echoing the results of the tensile tests.
The findings of the compact tension testing further support the supposition that 
increased moisture content reduces the mechanical properties of the composite. 
Interestingly, work by Kim et a l (1995) showed a reduction in the Gic of neat 
Avimid® K resin samples with absorbed moisture. In their work, samples of Avimid® 
K which were immersed in water at 80°C for 500 hours showed a decrease in Gic 
from 0.67 kJ/m^ to 0.39 kJ/m^. Avimid® K is chemically similar to Avimid® R, so the 
results of Kim et a l (1995) are consistent with those found here.
In conjunction with the mechanical testing, measurements of thermal strain due to 
absorbed moisture were carried out on the T650-35/Avimid® R samples. The results 
of the thermal strain experiments are discussed in the next section.
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5.3 Thermal Strain Measurement
In this section the results of measurements to evaluate thermal strain in unbalanced 
panels of T650-35/Avimid® R are discussed. Samples of both dry as-received 
material and moisture conditioned material were tested. Samples were exposed to 
50°C and 96 %RH and the radius of curvature of unbalanced beams was determined 
as moisture content increased. Calculations of the thermal strains were carried out 
using Equations 3.2, 3.4, and 3.5, from Chapter 3.
Two large horse-saddle-shaped sheets of T650-35/Avimid® R unbalanced cross-ply 
material were supplied by Rolls Royce pic and from each sheet, five strips, A to E, of 
200 X 10 mm were cut. Initially measurements were made using the strips in their as- 
cut state, prior to drying. Following this, the strips were dried in an air-circulating 
oven at 50°C until no weight change was observed, before being measured again. 
Tables 5.16 and 5.17 show the data from these measurements. The average moisture 
loss after drying was 0.05 and 0.04 wt% for the samples from strips cut out of sheets 1 
and 2, respectively. The strips showed a decrease in the radius of curvature, R, with 
decreasing moisture. The mean radius for the samples from sheet 1 deereased from 
232 mm to 207 mm, while the mean radius for the samples from sheet 2 decreased 
from 215 mm to 191 mm.
Experiments to determine the strain free temperature of the unbalanced T650- 
3 5/Avimid® R strips were performed. Dried as-received strips were slowly heated in 
an air-circulating Sharetree systems oven, fitted with a window, until they reached the 
strain free temperature, at which point the samples were flat on the steel plate onto 
which they were placed. Once the samples had reached their strain-free temperature, 
they were kept at this temperature for 5 min before cooling to room temperature 
(Hahn 1976, Flaggs and Rural 1982). At room temperature the radius of curvature 
was again measured. Table 5.18 shows the results of three strips heated to 310°C, the 
strain free temperature, for 5 min and cooled to room temperature (only three samples 
were assessed since the oven failed). The radius of curvature for these three samples 
changed from 208 ±12 mm to 199 ±11 mm. This suggests that the as-received 
material had perhaps not been post-cured completely.
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In order to observe the effect of moisture conditioning on the thermal strains within 
the laminate, strips of dimensions 2 0 0  x 1 0  mm were exposed to the four moisture 
conditioning regimes over a period of 40 ^  and to a moisture content of about 0.9 
wt%. Every two days, the moisture content and radius of curvature of each strip was 
measured. Figures 5.2 and 5.3 are plots of the displacement from the flat, ô, and the 
radius of curvature, R, against the moisture content for the strip exposed to the Series 
1 environment. As the moisture content increases the radius of curvature, R, 
increases, and hence the displacement from the flat, ô, decreases. Mulheron (1984) 
found similar behaviour for a strip of [0/90] unbalanced Crystic 272 glass fibre 
reinforced polyester. In both cases, the absorbed moisture causes swelling of 
individual plies, and this swelling is greater transverse to the fibre direction than in 
the longitudinal direction. In relation to this behaviour, it has been suggested (Pagano 
and Hahn 1977) that delays in conducting mechanical testing on cross-ply laminates 
may lead to improved values of first transverse cracking strain, since moisture 
absorbed from exposure to atmospheric conditions will reduce thermal strains.
Figure 5.4 shows a plot of the thermal strain of the 90° ply as a function of the 
moisture content of the [0/90] unbalanced strip of the T650-35/Avimid R laminate 
exposed to Series 1 moisture conditions. From the data, it is clear that increasing 
moisture reduces the thermal strain present in the 90° ply. Mulheron (1984) showed a 
similar relationship between thermal strains and moisture content for a strip of [0/90] 
unbalanced Crystic 272 glass fibre reinforced polyester, which were conditioned at 50 
%RH for 2 0  Vdays.
Clearly, absorbed moisture reduces the thermal strain present in polymer matrix 
composites. However, the effect of thermal spiking on thermal strains appears not to 
have been reported in the literature. As shown in Chapter 4, thermal spiking 
encourages increased moisture absorption. Mulheron (1984) supposed from his 
experiments on isothermally aged specimens that a thermal spike could induce higher 
thermal strains than in dry as-received material, due the rapid heating and cooling of 
the material in the presence of moisture. However, no thermal spiking experiments 
were conducted.
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Figures 5.5 to 5.7 show plots of the thermal strain in the 90° ply as a function of the 
moisture content of the [0/90] unbalanced strip of the T650-35/Avimid R laminate 
exposed to Series 2, Series 3 and Series 4 moisture conditions. The trends in Figures
5.5 to 5.7 indicate increasing moisture reduces the thermal strain present, as expected. 
Comparisons of the plots from each of the spiked materials with that of the 
isothermally conditioned (Series 1) material are shown in Figures 5.8 to 5.10. Data 
from materials spiked at 220°C, Series 2 (Figure 5.8) and Series 4 (Figure 5.10), are 
in good agreement with those from the Series 1 material for the rate of reduction in 
thermal strain with increasing moisture content. The slight differences between the 
curves are due to small differences in as-received thermal strains. In addition, it 
should be noted that only one specimen was tested per condition, rather than an 
average of several samples, as was usual for the moisture conditioning experiments. 
The largest scatter in the data for the Series 3 material (Figure 5.9). The Series 3 
specimens blistered during the moisture conditioning, which may have affected the 
thermal strains.
These results show that the increased moisture absorption associated with thermal 
spiking leads to a reduction in the thermal strains, but that the thermal spiking 
phenomenon itself has no affect on the rate of reduction of the thermal strain in the 
material, except possibly when blistering occurs (see Figure 5.11). In the next 
section, the results of experiments conducted to ascertain changes in the glass 
transition temperature as a result of moisture conditioning are discussed.
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5.4 Glass Transition Temperature
Dynamic mechanic thermal analysis (DMTA) was carried out, on dry as-received and 
moisture conditioned samples that had been subsequently dried, in order to determine 
whether moisture conditioning produced changes in the Tg of the specimens. Samples 
used for the DMTA were harvested from the batch for which the moisture 
conditioning results are shown in Figures 4.18 and 4.23. Samples were subsequently 
dried, isothermally reconditioned and dried again at 100°C in an air-circulating oven 
to constant weight following. These samples were sectioned, and kept dry at 100°C, 
ready for DMTA (Section 3.5).
Three samples of each moisture condition tested were analysed. For each sample, the 
glass transition temperature, Tg, and onset of the glass transition regime, TgE, were 
measured. The glass transition temperature, Tg, is the point at which a dramatic 
reduction in the real or storage modulus, E \  occurs. The onset of the glass transition, 
TgE, is the temperature at which the imaginary or loss modulus (which is related to the 
loss tangent tan ô) peaks (Section 3.5).
Tables 5.19 and 5.20 show the Tg and TgE data for all the samples of 16-layer 
unidirectional, [0]i6, and 4-layer woven T650-35 Avimid® R tested. There is very 
little difference in the Tg and TgE of the Series 1 specimens compared with the dry as- 
received material. All the spiked samples i.e. Series 2, 3, and 4, however, show a 
drop in the Tg and TgE compared to that of the as-received material. Considering the 
results in more detail, both the Tg and TgE of the samples exposed to Series 2 and 
Series 4 moisture conditioning are very similar. In Chapter 4 although samples T650- 
35/Avimid® R exposed to Series 4 moisture conditioning showed no enhanced 
moisture absorption, it was noted that the Series 2 and 4 panels both showed closely 
matched enhanced moisture absorption behaviour upon isothermal reconditioning.
The results of the DMTA and moisture conditioning experiments indicate that thermal 
spiking may permanently affect the chemical or physical nature of T650-35/Avimid® 
R.
180
It is important to note that the Tg of dry as-received [0]i6 T650-35/Avimid® R was 
found to be 271°C. This is in fact, lower than the spike of the Series 3 moisture 
conditioning (275°C). The Series 3 test schedule was developed using the Tg value of 
Avimid® R resin, 305°C, obtained from Cytec (2001 a, b) at the start of the 
experimental program. However, finding that the Series 3 spike temperature was, in 
fact, above the Tg of the dry as-received [0]i6 T650-35/Avimid® R material, it is now 
understandable that blistering occurred most readily in these samples. Furthermore, it 
is well known that Tg is reduced by absorbed moisture (Section 2.2.8). Hence, the 
blistering observed in the Series 2 material (spiked at 220°C) at higher moisture 
contents could simply be a product of spiking sample of the material, combined with 
the higher moisture content, above the wet Tg. Finally, it should be noted that a 
difference was found between the Tg of the as-received unidirectional and as-received 
woven material; the Tg of the woven material was over 20°C higher than that of the 
unidirectional material. This is likely to be associated with the difference in the 
manufacturing routes of the two laminates of T650-35/Avimid® R (see Chapter 3).
The observed changes in the Tg and TgE suggest that some permanent change has 
occurred in the composite due to thermal spiking. If thermal spiking causes the 
rearrangement of free volume within the Avimid® R matrix, enabling greater amounts 
of moisture to be absorbed, it would be expected the Tg and TgE of such a modified 
matrix would be reduced, since the rearranged free volume would be expected to 
allow for greater freedom of movement of the polymer network. Chemical 
degradation of the Avimid® R polymer network could however yield similar 
reductions in the Tg and TgE since break down of the polymer structure may allow 
greater freedom of movement of the chain groups. Whatever their origins, the 
changes in the Tg and TgE are real effects since all the samples were tested dry. 
However, it is possible that changes observed in the Tg and TgE of the samples 
exposed to the Series 3 spiking conditions cannot solely be attributed to a chemical 
change, since the development of blisters in these specimens may affect the Tg 
measurements.
Figures 5.12 to 5.35 show the plots of loss modulus and storage modulus against 
temperature for all of the specimens tested. In the case of loss modulus, the central 
point of the peak is defined as the peak max or Tg. For the TgE value, the intersection
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of the tangent of the two slopes on either side of the transition in the storage modulus 
curve defines the TgE
A closer inspection of Figures 5.12 to 5.35 shows that compared to the as-received 
material there is a broadening of the modulus peaks for samples that have been spiked 
but not blistered, i.e. Series 2 and 4, whereas the Series 3 material shows no such 
broadening. A possible explanation for these observations is that a chemical change 
associated with thermal spiking may have caused the peak broadening phenomenon in 
the Series 2 and 4 materials. For the Series 3 material, which has been spiked above 
its Tg, some of this chemical change may have been reversed and hence peak 
broadening is not apparent. Evidence for this is that the average Tg and TgE values, of 
the Series 3 material, although lower than the as-received material are higher than the 
Series 2 and 4 samples. If redistribution of free volume has oecurred due to thermal 
spiking, then differences seen with the Series 3 samples may be a product of the 
partial recovery of this phenomenon. However, since the Series 3 samples were 
blistered, the exact cause of the change in the Tg is unclear.
In the next section the results of the infra-red spectroscopy performed on T650- 
3 5/Avimid® R, both dry as-received and moisture conditioned, are discussed. The 
purpose of the spectroscopic analysis was to investigate any changes in the matrix that 
may have occurred due to thermal spiking.
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5.5 Infra-red Spectroscopy
5.5.1 Introduction
In this section, the results of diamond ATR infra-red spectroscopy performed on 
samples of T650-35/Avimid® R, both dry (as-received) and moisture conditioned, are 
presented. The aim of these experiments was to detect any changes in the chemical 
structure of Avimid® R possibly resulting from thermal spiking. In order to j
identify any observed changes, it was first necessary to establish the chemical j
structure of the dry as-received T650-3 5/Avimid R.
The general chemical structure of an aromatic imide monomer is illustrated in Figure 
3.5. The functional groups characteristic of an aromatic imide such as Avimid® R 
produce two bands at ca. 1712 cm'^ and 1774 cm '\ which are characteristic of 
carbonyl (imide) and are known also as the aromatic ring stretching bands (Wilson et 
al 1990). In addition, the more specific groups unique to the cheniistry of Avimid® R 
will be detected.
The infra-red absorbance spectrum obtained from a panel of as-received [0]i6 T650- 
35/Avimid® R CFRP laminate is shown in Figure 5.36. In total, three infra-red 
spectra were taken from the laminate to determine the characteristics of the bands 
associated with the structure of Avimid® R. The spectrum in Figure 5.36 has been 
labelled to indicate the functional groups that the bands represent. There is a strong 
presence band attributable to CH and CH2 bending vibrations towards ca. 1300-1400 
cm '\ This information, combined with the complementary stretching vibrations 
higher in the range, indicates a strong possibility that these groups are a feature of the 
Avimid® R structure. Also evident in the spectrum are the aromatic and aliphatic 
ether (C-O-C), indicating the presence of these groups in the structure of Avimid® R. 
The information on the functional groups present in Avimid® R, gathered from Figure 
5.36, leads to the possible chemical structure for Avimid® R shown in Figure 5.37.
Having established the functional groups associated with the general structure of 
Avimid® R, samples of moisture conditioned material were then examined using the
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same technique. Investigations into the change in mechanical properties and glass 
transition temperature earlier in this chapter show a difference between samples that 
have undergone spiking regimes and the dry as-received material. Although the 
changes observed in the mechanical properties can be attributed to absorbed moisture, 
the changes observed in the glass transition temperature cannot since the tests were 
carried out on dry samples. Hence, if any significant chemical changes or degradation 
to the polymer network of Avimid® R had occurred due to exposure to thermal 
spiking, then infi*a-red spectroscopy should be able to detect these modifications.
The structure of Avimid® R is such that, if  absorbed moisture does cause degradation 
of the polymer, it is most likely to be initiated at the C-N  bond since the C-N bond is 
comparatively weak compared to the rest of the structure, and hence more susceptible 
to hydrolysis (Cottrell 1954). The combination of heat and the moisture experienced 
during the spike could lead to the hydrolysis of the imide structure, as depicted in 
Figure 5.38. Once hydrolysed, the new structures might be expected to posses a 
reduced glass transition temperature. In addition, the combination of chemical 
degradation with absorbed moisture would further reduce the Tg of the modified 
Avimid® R. The most easily discerned changes to be expected as a result of the 
degradation of the Avimid® R would be the shift in the position of the two carbonyl 
peaks. The Avimid® R structure is rigid in comparison to the proposed degraded 
polymer structure, hence the position of the infra-red peaks associated with the 
carbonyl groups would be expected to shift to lower frequencies in the degraded 
material (Silverstein and Webster 1998). Additionally, 0-H bands would be expected 
to appear in the spectrum of the degraded Avimid® R structure. If the hypothesis that 
thermal spiking causes chemical degradation of Avimid® R is correct, differences 
between the spectra of samples exposed to the four moisture conditions should be 
detectable using diamond ATR infra-red spectroscopy. However, in order to assess 
the reproducibility of the data from the ATR technique, some comparisons had first to 
be made between spectra gathered from the same moisture condition. Such 
comparisons were considered to be vitally important since, in some cases, only small 
changes were expected in the spectrum between specimens exposed to different 
moisture profiles.
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5.5.2 Results
Figure 5.39 shows all of the infra-red absorbance spectra obtained from panels of [0]i6  
T650-35/Avimid® R. In all, three spectra were obtained from each moisture 
conditioning regime including the dry as-received material. It is important to note 
that, the samples from each moisture condition are separate from those of the other 
moisture conditions and were tested at the same time. So, for example, the as- 
received sample 1 was analysed using IR spectroscopy but was not then exposed to 
Series 1 conditions and analysed again. The Series 1 sample 1 is a separate sample in 
its own right. In hindsight, it would have been better to use several as-received 
samples from various sections of the large sheets supplied by Rolls Royce pic. Then, 
each of these could have then been analysed using IR spectroscopy prior to 
conditioning and at regular intervals. Testing of various sections of the original large 
sheet would have taken into of any minor localised differences in the chemistry of the 
matrix associated with the nature of the manufacturing process. Furthermore, the data 
in both Figures 5.39 and 5.40 have been normalised to the two carbonyl peaks. 
Analysis of the data, without normalisation (not shown here), showed no significant 
differences to the data in Figures 5.39 and 5.40. Finally, the surfaces of the samples 
were smooth on one face and rough on the other due to the manufacturing process.
For this work, IR spectroscopic tests were performed on the flat surface to ensure 
good contact with the diamond and a clear signal. Attempts had been made to section 
the specimens, in order to analyse within the bulk of the material, but unfortunately, 
no clear signal could be obtained in this manner.
Figure 5.39 shows a comparison of three infra-red absorbance spectra obtained from a 
panel of as-received [0]i6 T650-35/Avimid® R. Below 1400 cm '\ the scatter between 
the spectra is, unfortunately, quite high and some difficulties in obtaining a good 
contact between the diamond and the specimens may have led to some of these 
differences. Despite this, the three spectra are still consistent in the positions of the 
various functional groups in the spectrum.
In addition. Figure 5.39 shows a comparison of three infra-red absorbance spectra 
obtained from a panel of [0]i6 T650-35/Avimid® R exposed to the Series 1 (50°C and
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96 %RH, non-spiked) moisture conditioning. The specimens were tested in the dry 
condition. Between 1700 and 1200 cm'^ the spectra overlap, but below 1200 cm'^ the 
spectrum of sample 3 diverges from those of samples 1 and 2. Above 1700 cm'^ there 
are differences between the three spectra, although these are minor compared to those 
found between the three dry as-received spectra. Indeed, there is no real difference 
between the spectra from the Series 1 material and the dry as-received material.
Three spectra from Series 2 material are also shown in Figure 5.39. The spectrum 
obtained from sample 1 is different in absorbance from the spectra of samples 2 and 3, 
but again the same functional groups are present. The spectra of samples 2 and 3 are 
almost identical across the range.
A comparison of three infra-red absorbance spectra obtained from a panel of [0]i6 
T650-35/Avimid® R exposed to the Series 3 moisture conditioning is shown in Figure 
5.39. As with the spectra acquired from the as-received samples, the spectrum 
obtained from sample 1 diverges from those of samples 2 and 3, but overall shows the 
same functional groups present. The spectra of samples 2 and 3 are almost identical 
across the range.
Finally, three Series 4 spectra are shown in Figure 5.39. As with the spectra acquired 
from the Series 2 and Series 3 material, the spectrum obtained from sample 1 diverges 
from those of samples 2 and 3, which are almost identical.
5.5.3 Discussion
Overall, the spectra gathered show the presence of the same functional groups and, a 
comparison of the spectra gathered from each condition showed that in general that 
this method of spectroscopy gives good repeatability, but revealed some scatter 
between some samples of the same type.
Differences between spectra from the same type are most probably due to the nature 
of the technique. The diamond indenter used must have very good contact with the 
sample to obtain a spectrum, which is achieved by clamping the sample and diamond
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together in a vice-like arrangement. It has been observed that as the vice is tightened 
the resolution of the signal improves, which causes the spectrum to become distorted 
at high and low wavenumbers. In general, the distortion takes the form of an increase 
in the absorbance of the spectrum below 1 2 0 0  cm '\ and a slight decrease in the 
absorbance above 1800 cm '\ Such sensitivity of the results to the clamping is one of 
the disadvantages of diamond ATR infrared spectroscopy. Another possibility is that, 
a degree of fluorescent interference may have contributed to the distortion observed, 
which again is a disadvantage of the technique. Finally, the distortions may be due to 
residual solvent from the manufacturing process. Analysis of the data in Figure 5.39 
shows a reduction in the peaks 2900 cm '\ 1300 cm '\ 1000 cm'^ and 750 cm'^ (which 
correspond to the aliphatic C-H, C=C, and aromatic-H vibrations, respectively) with 
exposure to temperature. Any changes seen are, however, within the scatter that is 
observed between the three dry as-received samples. Figure 5.39.
The proposed degradation of the Avimid® R as a result of exposure to thermal spiking 
involves a major change in the chemistry of the polymer. Hence, the changes 
expected in the spectrum should be clearly visible. Some of the chemical changes 
will result in a shift in the position of major peaks in the spectrum and the appearance 
of new peaks, easily detected by this technique, is also to be expected.
In particular, if  the proposed degradation has occurred, then the carbonyl group would 
have been particularly affected as suggested by Figure 5.38, and should manifest a 
change in the positions of the carbonyl peaks in the spectrum for the moisture 
conditioned samples. Figure 5.40 shows the region of the spectrum containing the 
carbonyl peaks in more detail for each moisture condition. No evidence of peak shift 
can be seen in Figure 5.40. The changes seen over this range between the spectra are 
differences in absorbance which can be explained by distortion of the signal due 
gripping the specimen. In particular, any changes seen are within the scatter that is 
observed between the three dry as-received samples. Figure 5.39.
A detailed study of other parts of the spectrum for different moisture conditions also 
showed no significant differences. For example. Figure 5.40 shows the comparisons 
between the spectra from the dry as-received and moisture conditioned [0]i6 T650-35 
Avimid® R samples, over the range 1400 and 950 cm '\ Between the spectra of the
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dry as-received and moisture conditioned material no real shift in the peaks can be 
seen, only changes in the absorbance. These differences can be explained by 
distortions in the spectra, and fall well within the scatter observed when comparing 
spectra from the three dry as-received samples. Figure 5.39.
Overall then; it can be said that no change in the chemistry of [0]i6 T650-35/Avimid® 
R was observed by the infra-red spectroscopy analysis. In particular no shift was 
found in the position of the two carbonyl bands, which is a big indicator of chemical 
change in polyimides. Indeed, even spectra obtained from severely blistered Series 3 
samples showed no signs of chemical degradation. This lack of spectroscopic 
evidence for chemical degradation of the Avimid® R polymer structure due to thermal 
spiking suggests that perhaps redistribution of free volume is the mechanism by which 
thermal spiking enhances the moisture absorption of T650-35 Avimid® R, or that the 
concentration of species arising from hydrolysis fall below the detection limit of the 
technique.
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5.6 Concluding Remarks
In this chapter the results of the mechanical testing and chemical analysis of T650- 
35/Avimid® R have been described and discussed.
The tensile testing and compact tension tests showed a reduction in the matrix 
dominated mechanical properties of the material with increased moisture content. 
Measurements to determine the effect of moisture on the thermal strains in 
unbalanced beams revealed that the residual strain decreases with increasing moisture 
and the results were found to be consistent with those of previous work e.g. Mulheron 
(1984).
DMTA conducted on both dry as-received and dried moisture conditioned samples 
showed that moisture conditioning and exposure to thermal spiking reduce the glass 
transition temperature of T650-35/Avimid® R. All samples were tested dry and so all 
of the observed changes were due to changes in either the chemical structure of the 
polymer or the free volume, or both.
Diamond ATR infra-red spectroscopy was employed in order to try to observe any 
changes in the chemical structure of the polymer following moisture conditioning.
The organic spectroscopy failed to reveal any change in the chemical structure of the 
[0]i6 T650-35/Avimid® R CFRP laminate, although minor differences in the 
absorbance were observed which could be explained by distortions of the signal. In 
none of the spectra gathered could any shift in the position of characteristic peaks or 
the appearance of new peaks be seen, leading to the conclusion that no change in 
chemical structure occurred. Hence, it is likely that the phenomena observed in 
samples of T650-35/Avimid® R exposed to thermal spiking are probably due to the 
redistribution of free volume.
In the next chapter the conclusions of this work are summarised.
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5.7 Figures
M oisture content versus square root time for 
[01i6 T650-35/Avimid®R (100 x 100 mm) 
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Figure 5.1 : Moisture absorption of Series 2 [0],6 T650-35/Avimid® R; allowed to saturate at 
50°C and 96 %RH without spiking following 37.5 Vh.
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Figure 5.2: Variation o f mid-point displacement, 5, with moisture content for a strip o f [0/90] 
unbalanced T650-35/Avimid® R during exposure to 50°C 96 %RH.
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Radius of curvature vs moisture content for T650-35/Avimirf®R exposed to 50 °C and 96
% R H
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Figure 5.3: Variation of radius of curvature, R, with moisture content for a strip o f [0/90] 
unbalanced T650-35/Avimid® R during exposure to 50°C 96 %RH.
Thermal strain vs moisture content for T650-35/Avim idPR exposed to 50 °C and 96
% R H
0 . 6 5
0.63
0 . 6 1
0 . 5 9
0 . 5 7
0 . 5 5
0.53
0 . 5 1
0 . 4 9
0 . 4 7
0 . 4 5
0 . 3 0.4 0.5 0.60.1 0.2 0.8 0 . 90 0 . 7
Moisture content (wt% )
Figure 5.4: Variation o f  thermal strain, G'%, with moisture content for a strip o f  [0/90]
unbalanced T650-35/Avimid® R during exposure to 50°C 96 %RH.
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Thermal strain vs moisture content for T650-35/Avimid®R exposed to Series 2
conditions
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Figure 5.5: Variation of thermal strain, s%, with moisture content for a strip o f [0/90] 
unbalanced T650-35/Avimid® R exposed to Series 2 moisture conditioning.
Thermal strain vs moisture content for T650-35/Avimirf®R exposed to Series 3
conditions
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Figure 5.6: Variation o f thermal strain, 8%, with moisture content for a strip o f  [0/90]
unbalanced T650-35/Avimid® R exposed to Series 3 moisture conditioning
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Thermal strain vs moisture content for T650-35/Avimid®R exposed to Series 4
conditions
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Figure 5.7: Variation of thermal strain, s' i^, with moisture content for a strip o f [0/90] 
unbalanced T650-35/Avimid® R exposed to Series 4 moisture conditioning.
Thermal strain vs moisture content for T650-35/Avim id®Rfor Series 1 and Series 2
conditions
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Figure 5.8: Variation o f  thermal strain, E%, with moisture content for a strip o f  [0/90]
unbalanced T650-35/Avimid® R exposed to Series I and 2 moisture conditioning.
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Thermal strain \s moisture content for T650-35/Avimi(^R for Series 1 and Series 3
conditions
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Figure 5.9: Variation of thermal strain, with moisture content for a strip o f [0/90] 
unbalanced T650-35/Avimid® R for material exposed to Series 1 and 3 moisture conditioning.
Thermal strain vs m oisture content for T650-35/Avimid®R for Series 1 and Series 4
conditions
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Figure 5.10: Variation o f  thermal strain, 8“\i, with moisture content for a strip o f [0/90]
unbalanced T650-35/Avimid® R exposed to Series 1 and 4 moisture conditioning.
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Thermal strain vs moisture content for T650-35/Avimid®R exposed to Series 4
conditions
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Figure 5.11 : Variation of thermal strain, s*i, with moisture content for a strip o f [0/90] 
unbalanced T650-35/Avimid® R exposed to Series 1, 2, 3, and 4 moisture conditioning.
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Figure 5.12: Plot o f  variation o f  storage and loss moduli with temperature gathered from
DMTA conducted on dry as-received [0]i6 T650-35/Avimid® R sample I.
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Figure 5.13: Plot of variation of storage and loss moduli with temperature gathered from 
DMTA conducted on dry as-received [0]i6 T650-35/Avimid® R sample 2.
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Figure 5.14: Plot o f  variation o f storage and loss moduli with temperature gathered from
DMTA conducted on dry as-received [0]i6 T650-35/Avimid® R sample 3.
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Figure 5.15: Plot of variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 1 [0]i6 T650-35/Avimid® R sample 1.
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Figure 5.16: Plot o f variation o f storage and loss moduli with temperature gathered from
DMTA conducted on Series 1 [0]i6 T650-35/Avimid® R sample 2.
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Figure 5.17: Plot o f variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 1 [0]ie T650-35/Avimid® R sample 3.
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Figure 5.18: Plot o f  variation o f storage and loss moduli with temperature gathered from
DMTA conducted on Series 2 [0]i6 T650-35/Avimid® R sample 1.
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Figure 5.19: Plot of variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 2 [0]i6 T650-35/Avimid® R sample 2.
12000
CL
5  6000
I
I
IL
10O 150 200
T em pera tu re  f  C)
250 300 350
Figure 5.20: Plot o f  variation o f storage and loss moduli with temperature gathered from
DMTA conducted on Series 2 [0]i6 T650-35/Avimid® R sample 3.
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Figure 5.21: Plot of variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 3 [0]ie T650-35/Avimid® R sample 1.
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Figure 5.22: Plot o f variation o f storage and loss moduli with temperature gathered from
DMTA conducted on Series 3 [0]i6 T650-35/Avimid® R sample 2.
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Figure 5.23; Plot of variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 3 [0]i6 T650-35/Avimid® R sample 3.
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Figure 5.24: Plot o f  variation o f storage and loss moduli with temperature gathered from
DMTA conducted on Series 4 [0]i6 T650-35/Avimid® R sample 1.
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Figure 5.25: Plot o f variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 4 [0]i6 T650-35/Avimid® R sample 2.
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Figure 5.26: Plot o f  variation o f storage and loss moduli with temperature gathered from
DMTA conducted on Series 4 [0]i6 T650-35/Avimid® R sample 3.
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Figure 5.27: Plot o f variation of storage and loss moduli with temperature gathered from 
DMTA conducted on dry as-received 4-layer woven T650-35/Avimid® R sample 1.
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Figure 5.28: Plot of variation of storage and loss moduli with temperature gathered from 
DMTA conducted on dry as-received 4-layer woven T650-35/Avimid® R sample 2.
203
1600
-1400
-1200
5
-1000
I
I
u.
-400
100 150 200 250
Tem pérature {“C)
300 350
Figure 5.29: Plot of variation of storage and loss moduli with temperature gathered from 
DMTA conducted on dry as-received 4-layer woven T650-35/Avimid® R sample 3.
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Figure 5.30: Plot o f variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 1 4-layer woven T650-35/Avimid® R sample 1.
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Figure 5.31 : Plot o f variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 1 4-layer woven T650-35/Avimid® R sample 2.
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Figure 5.32: Plot o f  variation o f storage and loss moduli with temperature gathered from
DMTA conducted on Series 1 4-layer woven T650-35/Avimid® R sample 3.
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Figure 5.33: Plot of variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 4 4-layer woven T650-35/Avimid® R sample 1.
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Figure 5.34: Plot o f variation o f  storage and loss moduli with temperature gathered from
DMTA conducted on Series 4 4-layer woven T650-35/Avimid® R sample 2.
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Figure 5.35: Plot o f variation of storage and loss moduli with temperature gathered from 
DMTA conducted on Series 4 4-layer woven T650-35/Avimid® R sample 3.
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Figure 5.36: Infra red absorbance spectrum of dry as-received [0]i6 T650-35/Avimid R.
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Figure 5.37: Possible chemical structure of Avimid R constructed from the information 
gathered by IR spectroscopy.
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Figure 5.38: Process by which moisture could degrade the Avimid R structure
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Figure 5.39: Infra red absorbance spectra of three [0]i6 T650-35/Avimid® R samples from the 
four moisture conditioning regimes. N.B. spectra are shown with vertical offset for clarity.
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Figure 5.40: Infra red absorbance spectra o f dry as-received and the four moisture 
conditioning regimes [0]i6 T650-35/Avimid® R samples; wavenumber 1800-1600 cm' 
1400-950 cm'*. N.B. spectra are shown with vertical offset for clarity.
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5.8 Tables
Dry as-received El (GPa) Vl2
4 149 0.389
6 131 0.373
1 0 131 0.366
11 116 0.356
1 2 131 0.348
Average 132 0.366
Standard E rror 5 0.007
Series 1
(Moisture content of 0.8 wt%)
El (GPa) 1^12
14 113 0.320
15 134 0.350
17 126 0.426
19 128 0.405
2 1 1 2 0 0.387
Average 124 0.38
Standard E rror 4 0 .0 2
Table 5.1: Elastic constants of dry as-received and Series 1 [0]i6 T650-35/Avimid R samples 
tensile tested with the fibres orientated parallel to the load.
Dry as-received E2 (GPa) V21
2 8.83 0.018
3 8.84 0.018
4 8 .8 6 0 .0 2 1
5 8.94 0.015
6 1 0 .0 0 0.019
7 9.16 0.016
8 8.85 0.016
9 8 .6 6 0 .0 2 1
1 0 8.82 -0.368
11 8.76 0.053
1 2 8.62 0 .0 2 1
17 9.71 0.027
2 0 8.03 0.030
2 1 9.08 0.029
Average 8.9 0 .0 2
Standard E rror 0 .2 0.05
Table 5.2: Elastic constants of dry as-received 
tested with the fibres orientated perpendicular
[0]i6T650-35/Avimid R samples tensile 
to the load.
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Series 1
(Moisture content of 0.8 wt%)
E2 (GPa) V21
1 7.08 0 .0 2 0
4 8.91 0.027
6 7.98 0.026
8 9.31 0.029
1 0 8.29 0.054
Average 8.3 0.031
Standard E rror 0.4 0.006
Table 5.3: Elastic constants o f Series 1 [0]i6T650-35/Avimid R samples tensile tested with 
the fibres orientated perpendicular to the load.
Dry as-received Peak stress (MPa)
4 816.29
6 742.46
1 0 821.38
11 703.17
1 2 798.01
Average 780
Standard E rror 2 0
Series 1
(Moisture content of 0.8 wt%)
Peak stress (MPa)
14 511.62
15 606.68
17 491.25
19 613.11
2 1 683.84
Average 580
Standard E rror 40
stress o f dry as-received and Series 1 [0]i6T650-35/Avimid®
th the fibres orientated parallel to the oad.
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Dry as-received Peak stress (MPa)
2 64.31
3 43.92
4 53.98
5 55.90
6 68.40
7 59.70
8 58.35
9 58.34
10 72.02
11 58.94
12 62.96
17 84.22
20 75.06
21 80.15
Average 69
Standard Error 3
Table 5.5: Peak stress of dry as-received [0]i6 T650-35/Avimid R samples tensile tested with 
the fibres orientated perpendicular to the load.
Series 1
(Moisture content of 0.8 wt%)
Peak stress (MPa)
1 59.79
4 74.02
6 37.35
8 55.65
10 69.02
Average 59
Standard Error 6
Table 5.6: Peak stress of Series 1 [0]i6 T650-35/Avimid R samples tensile tested with the 
fibres orientated perpendicular to the load.
Series 2
(Moisture content of 1.04 wt%)
E2 (GPa) V21
2 7.64 0.015
3 8.16 0.019
4 8.08 0.015
5 8.19 0.017
6 8.00 0.026
7 8.10 0.019
8 8.52 0.019
9 8.38 0.017
Average 8.13 0.018
Standard Error 0.09 0.001
tested with the fibres orientated perpendicular to the load.
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Series 2
(Moisture content of 1.04 wt%)
Peak Stress (MPa)
2 51.57
3 58.67
4 56.17
5 6233
6 52.17
7 5268
8 50.81
9 55.23
Average 55
Standard Error 1
Table 5.8: Peak stress of Series 2 [0]i6 T650-35/Avimid R samples tensile tested with the 
fibres orientated perpendicular to the load.
Vf Vm Eif(GPa) Ezf(GPa) Em(GPa) Cl Vi Eic (GPa) Eic (GPa)
0.6 0.4 260.1 20 3.6 2 0.603 157.5 9.7
using Halpin Tsai equations.
Vf Vm E,f(GPa) Ezf(GPa) Em (GPa) Cl Vi Eic (GPa) Eic (GPa)
0 .6 0.4 260.1 2 0 2.52 2 0.698 157.1 8 .0
Table 5.10: Prediction of saturated Series 1 [0]16 T650-35/Avimid R composite elastic 
moduli using Halpin Tsai equations; assuming a 30% decrease in Em to represent the effect of 
saturation.
Sample Kic (MPa m' )^
A 238
C 3.15
D 2.55
E 3.95
F 3.34
H 3.18
J 2.19
K 2.73
L 280
0 2.37
P 3.74
Q 2.94
R 2.77
Average 3.0
Standard Error 0 .1
Table 5.11: Data from compact tension tests conducted on dry as-received [0]i6 T650-
35/Avimid® R samples.
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Sample Kic (MPa m''")
Al 2.64
B1 2.18
Cl 238
D1 2.76
El 238
FI -
G1 282
H1 2.91
II 2.68
Kl :L86
L1 2.71
Ml 238
NI 3.06
01 2.73
PI 2.50
Qi 2.79
RI 2.92
SI 2.98
T1 2.78
Average 2.67
Standard Error 0.06
Table 5.12; Data from compact tension tests conducted on dry as-received [0]i6T650- 
35/Avimid® R CFRP samples.
Sample Kic (MPa m"")
A2 2.18
B2 2.43
C2 2.62
D2 2.31
E2 2.42
F2 3.04
G2 2.30
H2 2.31
Average 2.45
Standard Error 0.05
Table 5.13: Data from compact tension tests conducted on Series 2 [0]i6T650-35/Avimid R
samples; 1.04 wt% moisture.
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Sample Gic (kJ/m")
Al 0.71
B1 0.53
Cl 0.67
El 0.76
FI -
G1 0.76
H1 0.78
II 0.70
Kl 0.78
L1 0.76
Ml 0.53
NI 0.94
01 0.91
PI 0.62
Qi 0.69
RI 0.78
SI 0.74
T1 0.70
Average 0.73
Standard Error 0.03
Table 5.14: Data from compact tension tests conducted on dry as-received [0]i6T650- 
35/Avimid® R samples
Sample Gic (kJ/m")
A2 0.48
B2 0.78
C2 0.67
D2 0.56
E2 0.52
F2 0.78
G2 0.62
H2 0.69
Average 0.61
Standard Error 0.04
Table 5.15: Data from compact tension tests conducted on Series 2 [0]igT650-35/Avimid R
samples; 1.04 wt% moisture.
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Sample ^average / mm ^average /  mm R / mm Raver age /  mm
lA 21.81 97.0 226.6
IB 21.82 97.0 226.5
1C 22.91 96.8 215.7
ID 19.54 97.5 253.0
IE 20.99 97.5 236.9 231.8
2A 22.36 95.5 215.1
2B 21.59 95.8 223.1
2C 22.00 95.5 218.3
2D 23.24 95.0 205.8
2E 22.40 95.5 214.8 215.4
Table 5.16: Radius of curvature data gathered from as-received strips of [0/90] unbalanced 
T650-35/Avimid®R.
Sample ^average /  mm ^average /  mm R / mm Raverage /  mm
lA 24.29 96.0 201.9
IB 24.37 96.0 201.3
1C 25.31 95.0 190.9
ID 21.47 97.3 231.0
IE 23.78 96.5 207.7 206.5
2A 25.01 94.5 191.0
2B 24.22 94.5 196.5
2C 24.79 95.0 194.4
2D 26.09 94.0 182.4
2E 25.04 94.5 190.8 191.0
Table 5.17: Radius of curvature data gathered from dried as-received strips of [0/90] 
unbalanced T650-35/Avimid® R.
Sample a^verage / mm a^verage / mm R / mm Raverage / mm
lA 25.46 95.8 192.8
1C 26.40 95.0 184.1
ID 22.60 97.0 219.5 198.8
Table 5.18: Radius of curvature data gathered from strips of [0/90] unbalanced T650- 
35/Avimid® R following a 5 min cure at the strain free temperature, 310°C.
Glass
transition
temperature,
Ta
[0]l6
as-
received
[0]l6
Series
1
[0]l6
Series
2
[0]l6
Series
4
[0]l6
Series
3
4-layer 
woven as- 
received
4-layer 
woven 
Series 1
4-layer 
woven 
Series 4
Sample 1 (°C) 272.16 268.17 250.32 254.83 265.00 298.82 297.50 286.91
Sample 2 (°C) 272.97 274.59 259.76 256.54 262.82 297.65 297.48 285.32
Sample 3 (°C) 267.3 275.21 258.97 263.74 262.21 298.05 295.65 287.45
Average (°C) 271 ±3 273 ±4 256 ±5 258 ±5 263 ±1 298 ±1 297 ±1 287 ±1
Table 5.19: Glass transition temperature, Tg, data gatherer from DIVlIT A conducted on dry as-
received and various moisture conditioned 16-layer unidirectional and 4-layer woven T650- 
35/Avimid® R samples; the average is given with standard deviation.
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Onset 
of the 
glass 
transition,
TgE
[0]«
as-
received
[0]l6
Series
1
[0]l6
Series
2
[0]l6
Series 
. 4
[0]l6
Series
3
4-layer 
woven as- 
received
4-layer 
woven 
Series 1
4-layer 
woven 
Series 4
Sample 1 
CC)
292.07 287.87 274.48 280.73 281.97 320.41 318.64 311.39
Sample 2 
CC)
291.83 293.47 281.25 280.73 281.25 317.98 317.71 310.22
Sample 3
r c )
286.74 290.43 281.76 285.70 280.24 317.56 317.84 309.27
Average
(°C)
290 ±3 291 ±3 279 ±4 282 ±3 281 ±1 319 ±2 318 ±1 310 ±1
Table 5.20: Onset of the glass transition, Tgs, data gathered from DMT A conducted on dry as- 
received and various moisture conditioned 16-layer unidirectional and 4-layer woven T650- 
35/Avimid® R samples; the average is given with standard deviation.
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6 Concluding Remarks and Further Work
6.1 Concluding Remarks
The results detailed in Chapters 4 and 5 describe a multitude of phenomena associated 
with the moisture conditioning of T650-35/Avimid® R. In this chapter the 
conclusions from the current work will be brought together with the findings of the 
literature to form some conclusions about the nature of these effects, and propose a 
hypothesis concerning the effects of thermal spiking T650-35/Avimid® R.
Previous work has shown that the moisture absorption behaviour of polymer 
composites is affected by a number of factors including polymer chemistry, 
temperature, humidity, and exposure to thermal spikes. In the case of thermal spiking 
the moisture absorption characteristics of a material are modified. Both the rate of 
absorption and the equilibrium moisture content are enhanced. It appears that in order 
for this to occur the material must contain moisture during the thermal spike and 
retain moisture upon returning to the background wet ageing environment. The 
literature suggests further that in order for thermal spiking to enhance the saturation 
moisture content, the sample needs to be spiked while it contains a moisture gradient 
rather than when saturated: spiking a saturated sample has little effect.
For most studies, samples have been maintained at the spike temperature for 
approximately 5 min. It has been demonstrated in the literature that the greater time 
of exposure to the spike temperature, the lower the enhancement of the moisture 
absorption. In addition it has been shown that increasing the spike temperature, up to 
a critical temperature, can result in a greater enhancement of the moisture absorption 
characteristics. Beyond the critical spike temperature the enhancement is reduced. If 
the spike temperature is around, or above, the wet Tg of the matrix the moisture 
absorption may be reduced below that of an isothermally aged material. In addition, 
the enhancement of the moisture absorption characteristics of the spiked material has 
been shown to be a non-reversible, permanent effect. Dry samples that have shown 
an elevated saturation level, following exposure to thermal spiking, will return to their
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enhanced moisture content after drying and isothermal reconditioning. Moreover, 
upon drying, spiked materials retain a level of residual absorbed moisture.
The mechanism of enhanced moisture absorption is not entirely understood. In some 
cases microcracking was found in samples of thermally spiked material; however, this 
was not always the case. Also, while damage may influence the rate of absorption, it 
is not obvious why the saturation level should be affected. Most of the literature 
suggests that upon spiking the material, especially near its Tg, redistribution of free 
volume sites occurs. During spiking, moisture present from the isothermal aging may 
be encouraged to occupy these newly available free volume sites, leaving vacant the 
sites that they had occupied. Upon cooling the moisture becomes locked into the 
matrix at these sites. Further moisture is absorbed when the material is returned to the 
warm moist conditions. The hypothesis concerning the redistribution of free volume 
seems also to satisfy the other thermal spike related observations, such as residual 
moisture upon drying and irreversibility of the raised saturation level. The exact 
mechanisms involved are likely to be dependent upon the chemistry of the polymer.
Few thermal spike studies have looked at high temperature systems. The aim of this 
work was, therefore, to examine the behaviour of T650-35/Avimid R, a high 
temperature carbon fibre reinforced polyimide material, under thermal spiking 
conditions and to investigate whether the results are consistent with the current 
understanding of the effects of thermal spiking.
The current work has shown that, like many fibre reinforced polymer composites,
T650-35/Avimid® R shows second law Fickian behaviour under constant 
hygrothermal conditions and enhanced moisture absorption when thermally spiked.
As the spiking temperature was increased, the enhancement to the moisture absorption 
behaviour was increased and after a number of spikes blistering occurs. These 
findings are in good agreement with the trends reported in the literature. Series 4 
samples (spiked at 220°C and then held at 140°C for 1 h) showed no enhanced 
moisture absorption behaviour during conditioning.
The apparent dependence of the onset of blistering upon the moisture content and the 
spike temperature has not been explored in detail previously. The Series 2 (spiked at
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220°C) material blistered at a higher moisture content than the Series 3 (spiked at 
275°C) material. Furthermore, single spiking experiments using saturated samples of 
T650-35/Avimid® R showed a similar relationship between the moisture content and 
the spike temperature at which blistering will occur. The higher the moisture content 
the lower the single spike temperature at which blistering occurred. The higher the 
single spike temperature, that the material was exposed to, the greater the degree of 
blistering that occurred. These effects were observed in both the unidirectional and 
woven samples of T650-35/Avimid® R.
Interestingly, experiments conducted to observe the effect of the frequency of thermal 
spikes upon the onset of blistering suggest that changing the number of days between 
spikes has no effect. All samples blistered at approximately the same amount of time.
Upon drying at 50°C retained moisture was found in some samples of T650- 
35/Avimid® R, which is again in agreement with the trends observed in the literature 
on other matrix system. Subsequent drying at 70°C removed the retained water and in 
some cases led to a weight loss relative to the weight of the samples in their as- 
received state. The weight reduction may be due to loss of volatiles while drying at 
70°C.
Isothermal reconditioning of spiked samples showed enhanced moisture absorption in 
all of the unblistered spiked samples including the Series 4 material, which showed no 
enhancement during the original conditioning regime. Samples which had blistered. 
showed no enhanced moisture absorption upon isothermal reconditioning. These 
results were found in both woven and unidirectional laminates.
Work conducted using a FDM model to predict the moisture history and moisture 
distribution profile of samples under various moisture conditions showed that both the 
trends seen in spiked and non-spiked conditions can be modelled reasonably well. 
Moisture is driven into the samples by thermal spiking encouraging a greater rate of 
absorption after the spike but not an increased saturation level. Work by Collings and 
Copley (1983) demonstrated a similar effect for a different moisture conditioning 
regime. In addition to predicting the moisture distribution profile, the moisture 
history of the material could be calculated and was in good agreement with the
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experimental data gathered. In the case of the spiked material it is necessary to 
consider the way in which the saturation level increases with the application of spikes. 
Interestingly, simulations for the reconditioned material indicate that the diffusion 
behaviour of the unblistered spiked material is altered from that of both the as- 
received and blistered spiked material.
All of the findings suggested that thermal spiking of T650-35/Avimid® R may 
change the nature of the polymer matrix. It was possible that this change may be 
either chemical degradation or a physical modification; such as the hypothesis 
concerning the rearrangement of free volume suggested in the literature.
The tensile testing and compact tension tests showed a reduction in the matrix 
dominated mechanical properties of the material with increased moisture content. 
Measurements to determine the effect of moisture on the thermal strains in 
unbalanced beams revealed that the residual strain decreases with increasing moisture, 
consistent with results from previous work e.g. Mulheron (1984).
DMT A conducted on both dry as-received and dried moisture conditioned samples 
showed that moisture conditioning and exposure to thermal spiking reduce the glass 
transition temperature of T650-35/Avimid® R. All samples were tested dry and so all 
of the observed changes were due to changes in either the chemical structure of the 
polymer or the free volume, or both.
Diamond ATR infra-red spectroscopy was employed in order to try to observe any 
changes in the chemical structure of the polymer following moisture conditioning.
The organic spectroscopy failed to reveal any change in the chemical structure of the 
[0]i6 T650-35/Avimid® R CFRP laminate, although minor differences in the 
absorbance were observed which could be explained by distortions of the signal. In 
none of the spectra gathered could any shift in the position of characteristic peaks or 
the appearance of new peaks be seen, leading to the conclusion that no change in 
chemical structure occurred. Hence, it is likely that the phenomena observed in 
samples of T650-35/Avimid® R exposed to thermal spiking is probably due to the 
redistribution of free volume.
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6.2 Further Work
The main limitations of this work, as with other studies of this kind, is that it has not 
been possible to explain the fundamental origin of the enhancement to the moisture 
absorption behaviour associated with thermal spiking. The diamond ATR 
spectroscopy technique has the potential to clarify any chemical change that may be 
occurring. Hence, in order to asses the effects of thermal spiking on T650- 
35/Avimid® R, a selection of samples could be analysed in their as-received (dry) 
state using ATR spectroscopy. Each of these samples could then be conditioned, 
while being observed at regular intervals using ATR spectroscopy, to track any 
changes in the chemistry of the material due to the moisture conditioning. ATR 
spectroscopy, FTIR, Raman, and Tg experiments using pure resin samples of Avimid® 
R (if available), tracking changes with successive thermal spikes, would also be 
beneficial to understanding of the effects of moisture conditioning.
Since it appears that a thermal and moisture gradient is required for thermal spiking to 
enhance the moisture absorption behaviour of T650-35/Avimid® R, it is possible that 
the enhancement is a result of stresses created by these gradients and the rapid heating 
and cooling of a thermal spike. Hence, experiments to observe the moisture 
absorption behaviour of mechanically loaded T650-35/Avimid® R may be useful in 
understanding the nature of thermal spiking. If the moisture absorption behaviour of 
T650-35/Avimid® R is modified by mechanical loading, this may help understand the 
nature of the modification that thermal spiking has to moisture absorption.
Finally, it may prove interesting to induce blistering of samples in a closed 
environment and to analyse the evolved gas using gas chromatography in order to 
understand the initiation of blisters. In particular the presence of CO2 would be an 
indicator of chemical degradation o f the Avimid® R structure.
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